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Abstract
The photoproduction reaction d ! K0p was experimentally investigated with an
electromagnetic calorimeter, FOREST. This is the rst measurement of K0 angular
distributions for the full kaon emission angle.
Baryon resonances have been experimentally studied by means of meson production
reactions to understand low-energy scale quantum chromodynamics. Photoproduc-
tion is one of the useful tools to reveal properties of excited baryons. Indeed, the 
and  photoproduction reactions have been intensively investigated until now. Kaon
photoproduction is one of the best probes to study highly excited baryons, which
hardly couple to N and N . The K hyperon (KY ) channel has been investigated
by means of proton photo-excitation such as p! K+. TheK0 production is more
advantageous than K+ case which has been reported by many experimental groups.
It is because the charged particle exchange is forbidden in the K0 photoproduction
since all of the participant particles are neutral. The n ! K0 photoproduction
may have sensitivity to the prominent peak structure observed at W = 1:67 GeV in
the n! n photoproduction cross section.
The experiment was carried out at the ELPH GeV- photon beam line. The inci-
dent photon energy ranges from the reaction threshold to 1.2 GeV. Photoproduction
events were detected by the FOREST detector, a calorimeter-hodoscope composite
system. The total coverage, 90% of a solid angle, enables to eectively collect particles
in the nal state.
The n ! K0 photoproduction is identied via K0S ! 00 !  and
! p  decay chains. The 00 candidates are selected by using four photon time
information and charged particles are distinguished by time-of-ight based kinematic
cut conditions. A kinematic t technique plays an important role in this analysis.
Kinematic constraints are applied so that each of two photon invariant masses and
four photon missing mass are equal to the 0 and  mass, respectively. The kinematic
t provides not only a good momentum reconstruction but also an ecient event
selection. Consequently, the K0 peak is clearly observed in the 00 invariant mass
spectrum.
The FOREST acceptance is examined by use of a GEANT4-based Monte Carlo
(MC) simulation. The acceptance for the K0 reaction is estimated about 5%.
The K0 events are obtained by tting a simulated background distribution n !
00 p and a Gaussian function to the 00 invariant mass distribution.
The dierential cross sections are observed as a function of the kaon emission
angle, cos CMK , in the n center-of-mass frame where the target neutron is assumed
to be at rest. No strong t-channel contributions are observed as expected while
backward enhancement is observed in the higher energy region. Comparisons of this
result are performed with theoretical works: Kaon-MAID and Saclay-Lyon A (SLA)
models. Our results favor the SLA model. The Kaon-MAID curve fails to reproduce
the measured cross sections in the high energy region. This fact indicates that the
u-channel exchange term plays an important role in the (n;)K0 reaction. The
Total cross section is also obtained for the rst time. It is found that the order of
magnitude of the cross section is similar to that of the K+ photoproduction at the
K threshold region. A small excess is observed in the vicinity of the total energy
W = 1670 MeV compared with the p! K+ reaction.
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Chapter 1
Introduction
In this chapter, the signicance of the baryon spectroscopy in the non-perturbative
QCD region and the standpoint of kaon photoproduction in this research eld are
described. Several resonances or resonance-like states which are greatly paid attention
recently are introduced in Sec. 1.2. The physics properties and previous eorts for
the K0 photoproduction reaction of interest in present work is given in Sec. 1.4 and
Sec. 1.5.
1.1 Quark Model
The quark model describes various mesons and baryons (collectively called hadrons)
as a combination of six quarks, named u, d, c, s, t, and b. A meson comprises a quark
and anti-quark qq state while a baryon consists of three quarks qqq. The masses and
mass dierences among the lightest three quarks u, d, and s are less than 100 MeV,
which is small compared to typical hadron masses and also far small compared to the
remaining massive quarks. Thus, the lightest three quarks can be grouped in avor
SU(3) symmetry to a reasonable approximation. SU(3) multiplet representations
include
qq : 3
 3 = 1 8; and (1.1)
qqq : 3
 3
 3 = 1 8 8 10: (1.2)
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Table 1.1: Properties of the up (u), down (d), and strange (s) quarks. I3 and S denote the
z component of isospin and strangeness, respectively. The values of the current masses are
taken from Ref. [1].
Flavor Charge isospin I3 S spin parity mass [MeV]
u +2=3 1/2 +1=2 0 1=2 + 2:3+0:7 0:5
d  1=3 1/2  1=2 0 1=2 + 4:8+0:5 0:3
s  1=3 0 0  1 1=2 + 95  5
The physical properties of the three quarks are summarized in Table 1.1. The mesons
and baryons are classied according to their quantum numbers; I3, the z component
of isospin I, and hypercharge Y = B + S, where B is the baryon number and S is
the strangeness. Figure 1.1 shows weight diagrams for the ground state mesons and
baryons. All these hadrons have been experimentally conrmed in the last several
decades.
1.2 Baryon Resonances and Spectroscopy
Baryons can be excited to higher energy states, baryon resonances, which are also
classied as well as ground state baryons. The existence of the baryon resonances
is therefore predictable according to their quantum numbers. However, although
the quark model succeeds in describing ground-state baryons, not all the predicted
resonances have been observed experimentally. Whether the quark model overesti-
mates the number of resonance states or not is a major problem in non-perturbative
QCD. It is crucial to investigate experimentally the unfound states, so-called missing
resonances, to make a judgment on the success of the quark model. It sometimes
does not work to nd a resonance state through peak identication unlike the case
of ground-state hadrons because of the wide width of the resonance. The estimated
widths and other properties of selected resonances are summarized in Table 1.2. The
widths of the resonances are sizable, of the order of 100 MeV, compared to the mass
intervals between the resonances. Accordingly, resonances often overlap in the energy
spectrum. Thus, appropriate analytical methods, such as partial wave analyses, are
important in extracting the resonance contributions.
2
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Figure 1.1: Meson (left) and baryon (right) octets. I3, S, and Y denote the z component
of isospin, strangeness, and hypercharge, respectively. U -spin (V -spin) denotes a quantum
number concerning avor symmetry between d and s (u and s).
Heisenberg's uncertainty principle yields the lifetime of a resonance at approxi-
mately   ~=E  10 23 s, where E is the resonance width. A de-excitation of
the baryon resonance with strong force emits one or more additional mesons. Thus,
experimental conrmation of resonance states can be performed via meson produc-
tion reactions by detecting the nal state particles generated by resonance decays or
decay chains. The experimental results on the resonance properties such as the mass
and width can be directly compared with the theoretical calculations. Hence, baryon
spectroscopy can be used to delineate non-perturbative QCD.
Historically, a number of baryon resonances were observed through pion-induced
meson production experiments. The results obtained with the hadronic probe, pion,
may be biased because the rst reaction vertex selects resonances that are easily
coupled with the N channel. Therefore, baryon photo-excitation presents a great
potential for probing various resonance states in order to expand the testing ground.
Recently, meson photoproduction reactions were intensively investigated particu-
larly for N and N channels. Some distinctive features actually were observed in
the photo-induced experiments, whereas no such signals were observed in the pion-
induced cases. These topics are also introduced in the following subsections.
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Table 1.2: List of isospin 1/2 baryon resonances with spin J , parity P , Breit-Wigner (BW)
mass (MeV/c2), BW full width (MeV/c2), branching ratio BR for dominant decay modes
and conrmation status assigned by Olive et al. [1]. Branching ratios to the K channel are
also provided regardless of their magnitude.
L2I2J J
P BW mass BW full width BR PDG status
S11(1535) 1=2
  1525{1545 125{175
N 0:35{0:55
N 0:42 0:10 ****
S11(1650) 1=2
  1645{1670 110{170
N 0.50{0.90
N 0.05{0.15
K 0.03{0.11
****
D15(1675) 5=2
  1670{1680 130{165
N 0.35{0.45
K < 0:01
****
??1(1685) ?
? 1670 30 n seen
p not seen
*
D13(1700) 3=2
  1650{1750 100{250
N 0.120.05
N 0.85{0.95
K < 0:03
***
P11(1710) 1=2
+ 1680{1740 50{250
N 0.05{0.20
N 0.10{0.30
K 0.05{0.25
***
P13(1720) 3=2
+ 1700{1750 150{400
N 0:11 0:03
N 0:04 0:01
K 0.01{0.15
****
4
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1.2.1 N(1670)
In 2004, GRAAL collaboration observed a 40 MeV narrow peak in the n! n total
cross section at E ' 1000 MeV without correcting the neutron Fermi motion in the
deuteron target [2]. Because of the so narrow width that no traditional quark models
can explain, the observed peak was attributed to what is not a regular resonance state
but appears via an exotic scenario. The origin of this peak structure was discussed
for a decade. Some theoretical eorts are successful in reproducing the observed
structure, but the situation is not settled down yet as it is rated one-star by the
Particle Data Group (See Table 1.2) even now. The experimental ndings on the
prominent peak and several theoretical interpretations for that are introduced in this
section.
As described in the previous sections, hadron structures are well explained by qqq
or qq states in general. The quark model requires hadrons to be in a color singlet
state, regardless of the number of quarks. In other words, QCD does not restrict the
existence of \exotic baryons" such as qqqqqq, qqqqq, and qqqq states, the so-called
dibaryons, pentaquark baryons, tetraquark mesons, respectively.
Historically, the rst inuential interpretation for the narrow peakN(1670) may be
given by the exotic scenario. In 1997, Diakonov et al. predicted the masses and widths
of qqqqq exotic baryons using a chiral soliton model [3]. The chiral quark-soliton
model (QSM), which describes the baryon as a soliton in a pion-eld, attributes the
anti-decuplet baryon members to soliton rotationally excited states. Diakonov et al.
derived the masses of the anti-decuplet baryons by assigning the mass of the known
nucleon resonance N(1710)P11, 1710 MeV, to the mass of the member N
+
5 , which
consists of uudss. Figure 1.2 shows a weight diagram for the baryon anti-decuplet.
The widths of the predicted baryons were about 10{20 MeV, signicantly smaller
than those of the baryon resonances, although decaying to the same channels such as
N , N and KN .
In 2003, a candidate of the + baryon consisting of uudds quarks was experimen-
tally observed by the SPring-8/LEPS group [4]. The mass and width values of the
observed peak agrees well with the predicted values 1530 MeV and 20 MeV, respec-
tively. Many verication experiments and analyses were performed worldwide on the
+ baryon. Although over 30 results of experimental conrmation were provided the
existence of + is still controversial.
5
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Figure 1.2: The suggested baryon anti-decuplets and their predicted masses according to
Diakonov et al. [3].
In contrast to the chaotic situation regarding +, another pentaquark candidate
was observed in the  photoproduction reaction o the neutron, strongly enhanced
at 1670 MeV in the total cross section. It is notable that, on the other hand, the p
photoproduction shows no such structure in its total cross section. The properties
of the enhanced peak, the mass  1670 MeV and the width  25 MeV, agree well
with theoretical predictions [3]. It is notable that all results on the  photoproduction
reported at LNS [5] (ELPH [6]), GRAAL [7], CB-ELSA [8], and MAINZ [9,10] are in
good agreement. Figure 1.3 shows the N ! N total cross sections reported by the
A2 research group at MAINZ. In fact, the experimental results were consistent both
on the numerical values as well as on the dierence between the p! p and n! n
reactions (Fig. 1.3). The U -spin conservation [11] may account for the enhancement
observed at 1670 MeV in the neutron data being dierent from the proton data. U -
spin is dened as an analog of isospin but this quantum number corresponds to the
symmetry of avors d and s. Note that this quantum number might be broken more
than isospin, because of the large mass dierence between d and s, as compared to
that between the u and d. However all members in a single U -spin multiplet have the
same electric charge. Therefore the electromagnetic interaction is thought to conserve
U -spin, whereas it does not conserve isospin. The U -spin axis for weight diagrams
appears in Figs. 1.1 and 1.2. In terms of the U -spin conservation, the p system (with
6
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Figure 1.3: The N ! N photoproduction cross sections reported by Werthmuller et
al. [10]. The red circles (blue triangles) are neutron (proton) data. The black stars are free
proton data from Ref. [12]. The neutron data is scaled by 3/2. Figure is taken from Ref. [10].
U = 0 + 1=2) cannot be coupled to the N+5 (with U = 3=2), whereas the n system
(with U = 0 + 1) can be coupled to the N05 (with U = 1) directly.
Recently, various theoretical studies provide other explanations for the 1670 MeV
enhancement. There are a variety of ideas to interpret the structure with an intrin-
sic narrow resonance [13], threshold eects of the strangeness channel K() [14],
interference eects of known resonances [15{17], coupled channel eects, and so on.
In some of the alternative propositions, it is suggested that the enhancement is ob-
servable via the n! K0 photoproduction reaction. Figure 1.4 shows the symbolic
gure given by Ref [13]. The fact that there are many possible explanations for this
phenomenon means that more constraints are required to understand this narrow
peak structure. Observations around W = 1670 MeV, in particular, can oer new
information on the N(1670) problem. This fact also motivates our research eorts
toward the strangeness sector. The n ! K0 photoproduction reaction could be a
breakthrough for understanding low-energy QCD.
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Figure 1.4: The predicted appearance of the intrinsic narrow N(1670)P11 state for K0
total cross section [13]. Solid and dashed curves show the cross sections with and without a
narrow P11(1670)-resonance, respectively. Dotted line shows the free-neutron cross section.
1.2.2 N(1710)
A narrow resonance-like structure around 1710 MeV in the  p ! K0 total cross
section was observed through several, although not all, experiments (Fig. 1.8). Al-
though it has taken a few decades, the experimental conrmation is not completed
yet.
On the other hand, in the photoproduction sector, the GRAAL team observed a
narrow peak at W = 1:72 GeV via n ! K0S and n ! K+  photoproduction
reactions [18]. Furthermore, Kuznetsov et al., also the GRAAL experimental group,
reported the observation of the peak at 1.72 GeV in the beam asymmetry  for
N ! N reaction [19,20]. Recently, Werthmuller et al. found an additional peak at
W  1710 MeV in the n! n reaction total cross section [21]. The newly reported
cross section with the ner binning of Fig. 1.3 is shown in Fig. 1.5. Anisovich et al.
suggested that the narrow peak around 1660{1750 MeV could be attributed to either
small photo-coupling of a narrow-resonance with about 1.7 GeV mass and 40 MeV
width or a threshold eect of the p! !p reaction [22]. This resonance-like structure
also receives much attention in these days.
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Figure 1.5: Total cross section for the N ! N reactions as a function of total energy W .
The red lled circle (blue lled triangle) shows quasi-free  photoproduction cross section o
the neutron (proton). The black solid line shows the total t and dashed black line shows the
background contributions. The black open circles shows the background-subtracted neutron
data and the red solid line shows the sum of the Breit-Wigner functions. The red open circle
(green open square) shows the quasi-free n total cross section observed with deuteron (3He)
target. This gure is taken from Ref. [21].
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Figure 1.6: Total cross section of  p ! K0 reaction. The magenta dash-dot-doted,
red solid, green dashed and blue doted curves shows the contributions from t-channel K
exchange and s-channel N(1535), N(1650), N(1720), respectively. This gure is taken from
Ref. [23].
1.2.3 N(1535)
Although N(1535)S11 strongly couples to the N channel, the K channel is also
able to couple to the resonance because of the large mass width of N(1535). As
shown in Fig. 1.6, Wu et al. found that the N(1535)S11 resonance contribution to the
 p ! K0 reaction is maximized close to the production threshold. Liu and Zou
found an unexpected large coupling constant of N(1535) to K via J= ! pp and
! pK+ reactions [24]. One signicant conclusion in that work was that the large
coupling of NK reduce the N(1535) Breit-Wigner mass to around 1400 MeV.
Whereas Refs. [25, 26] also report the large coupling of N(1535)K, Refs. [27{29]
found it less important in the p ! K+ photoproduction. The importance of the
contribution of N(1535) for the K channel is still controversial.
Moreover, the coupling strength can reveal the ss component in the N(1535) reso-
nance, similar to the ss component of the K channel against the hidden strangeness
of the N channel. They claim that it is well known that extractions of the cou-
10
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pling strength between K and N via the N ! K and N ! K reactions are
not easy because of the multiple interfering t-channel contributions (e.g., Ref. [30]).
Further experimental eorts are required.
1.3 The n! K0 Photoproduction
In the present work, the n! K0 reaction is investigated. The resonances described
below are expected to appear in this channel. This section oers an overview of
past studies on kaon production and the signicance of probing the neutral kaon
photoproduction.
1.3.1 The KY production reactions
After the investigations of the N and N photoproduction, experimental studies
focused on kaon and hyperon (KY ) photoproduction using modern accelerators pro-
viding a photon beam at an energy of up to a few GeV in several facilities, e.g.,
LNS (ELPH), SPring-8, Jeerson Lab, MAMI, ELSA, and ESRF. In particular, KY
photoproduction reactions with a proton target such as a K+, K+0, and K0+
channel were investigated in detail by the CLAS [31], A2 [32,33], LEPS [34{39], and
SAPHIR [40{42] research groups. Figure 1.7 shows the total cross sections for the
K+ and K0+ photoproduction reactions reported by several experimental groups.
Nevertheless, there are few results on the neutral KY mode, i.e., K0(0) produc-
tion.
Historically, K0 production was investigated through charged pion-induced reac-
tions from the 1960s to the 1970s (e.g., [43{46]). Figure 1.8 shows total cross sections
measured by many past experiments. Many large discrepancies (up to 30%) are ob-
served among the various reports around 1700 MeV. Further experimental eorts
are required to settle the probrem. Dierential cross sections also observed in the
 p ! K0 reaction appear in Fig. 1.9. The t-channel contribution dominates in
the pion-induced reactions. This fact aects the K0 photoproduction elementary
process and produces large ambiguities. As an example, Fig. 1.10 shows the theo-
retical calculations of the total cross sections for six KY photoproduction reactions.
Obvious ambiguities are particularly observed in K0 photoproduction, whereas the
well-studied channels, K+ and K0+, are in good agreement with both curves.
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Figure 1.7: The p ! K+ total cross section measured by CLAS (left) and the p !
K0+ total cross section reported by MAINZ (right). Figures are taken from Ref. [31] and
Ref. [33], respectively. Left: Curves show the theoretical calculation given by a Regge model
(dashed blue), Kaon-MAID (solid red), Kaon-MAID without D13(1895) missing resonance
(dotted red), and Saghai et al. (dot-dashed black) [47]. Data are given by CLAS (blue
circle), SAPHIR (red stars (2004) and red triangles (1998)), and ABBHHM (light blue
square). Right: curves show the theoretical calculations given by BG2011-2 (solid line),
BG2011-1 (dashed line) [48], and RPR-2007 (dotted line), respectively.
K0 photoproduction presents great interest, particularly since K0 coupling
with other resonance state is anticipated, contrary to K+. The K0 channel plays
a distinctive role among the KY photoproduction reactions for the following reasons:
1. The K0 system isospin 1=2 excludes  resonance contributions; this channel is
dedicated to extracting the pure N resonance contributions from the resonance
terms.
2. Since the participant particles in the n ! K0 reaction are neutral, charged
particles cannot contribute to this channel. Thus, the t-channel (Fig. 1.11)
contribution is expected to be small so that resonance contributions could be
larger as compared with the other KY channels which include charged hadron.
As described in Sec. 1.2.3, both the  p ! K0 and p ! K+ reactions show
undisputable t-channel contributions. Hence, the K0 photoproduction is expected
12
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Figure 1.8: Total cross sections for the reaction  p! K0 as a function of the p invariant
mass z. The red solid and blue dashed lines shows the dierent t results in Ref. [49]. This
gure is taken from Ref. [49].
to be useful for the extraction of the resonance contributions.
1.4 Properties of K0 and 
The n ! K0 photoproduction events were identied via K0 ! K0s ! 00 !
 and ! p  decay chains as described later (in Sec. 4.4). This section briey
summarizes the properties of K0 and  on which this work has focused.
Neutral kaons
K0 and  K0 are mixed together and compose the two practical
states K0S  1pjpj2 + jqj2  p K0+ q  K0 and (1.3)K0L  1pjpj2 + jqj2  p K0  q  K0 ; (1.4)
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Figure 1.9: Dierential cross sections for the  p ! K0 reaction. The cyan dashed-
dotted, red solid, green dashed, and blue dotted curves stand for the background, s-channel
N(1535), N(1650), and N(1720) contributions. The background term includes s-channel
nucleon pole, t-channel K exchange and u-channel  and (1385) exchange terms. The
solid black line shows the full model. This gure is taken from Ref. [23].
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Figure 1.10: Total cross sections of six possible KY photoproduction channels calculated
by Lee et al. [50]. The open circles and solid squares are experimental data given by Ref. [51]
and Ref. [52], respectively. The solid and dashed lines are calculations of their old and new
models. The old model is given by tting old photo- and electro-production data [53]. Figure
is taken from Ref. [54].
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Figure 1.11: Feynman diagrams of the n ! K0 reaction for s channel (left), t channel
(center), and u channel (right). The N and Y intermediate states correspond to Born terms,
N, K, and Y  correspond to resonance terms. There is no K exchange term in this
reaction (see text).
where p =  + 1, q =    1, and  is a complex order parameter of CP violation.
The complex parameter was revealed to be very small but not zero [55]. Two kaons,
as a mixture of pseudoscalar mesons, indicate CP even for K0S and CP odd for K
0
L.
Hence, the neutral kaons decay to lighter mesons with odd CP (i.e., pions) as
K0S !  and K0L !  (1.5)
Eqs. (1.3) and (1.4) shows for K0 that
K0 /  K0S+ K0L : (1.6)
On both of K0 and (uds), the dominant decay modes can be interpreted by
the phenomenological I = 1=2 rule [56]. This rule explains main decay channels of
strange hadrons with non-leptonic decay. In the K0S (I = 1=2) case, the primal laws
constrains that decays to  mode with possibly isospin channels
K0S ! +  :
r
1
3
j2; 0i+ 0 j1; 0i+
r
2
3
j0; 0i (1.7)
K0S ! 00 :
r
2
3
j2; 0i+ 0 j1; 0i+
r
1
3
j0; 0i (1.8)
Hence, the amplitude ratio for each decay mode with j0; 0i is
p
2=3
2
:
p
1=3
2
=
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Table 1.3: The physical properties of K0 and . Quark components, isospin I, parity P ,
spin J , strangeness S, lifetime  , mass m, and decay branching ratio BR for dominant decay
modes are listed. The numerical data for the last three variables are taken from Olive et
al. [1].
quarks I P J S c cm m (MeV/c2) BR (decay mode)
K0S ds 1/2   0 +1 2.6844 497.614 69.20%(+ ), 30.69% (00)
 uds 0 + 1/2  1 7.89 1115.683 63.9% (p ), 35.8% (n0)
2 : 1. Similarly,  hyperon with I = 0 decays to N with I = 3=2
!  p :
r
1
3
32 ; 12

 
r
2
3
12 ; 12

(1.9)
! 0n :
r
2
3
32 ; 12

 
r
1
3
12 ; 12

: (1.10)
The role selects a dominant decay mode for I = 1=2. Then, the ratio of the two
decay modes is ( p2=3)2 : (p1=3)2 = 2 : 1. The actual branching ratios are listed in
Table 1.3. Since both of the dominated decay modes violate the isospin conservation,
they will decay with weak force. Accordingly, K0 and  have a relatively longer life
time than that of the strong decaying particle.
1.5 Previous Measurements of K0 Photoproduc-
tion
This section introduces two previous measurements for K0 meson photoproduction.
Both experiments were carried out at the Laboratory of Nuclear Science (LNS), To-
hoku University, Japan.
1.5.1 Measurement with 12C Target
K0 and K+ photoproduction on the 12C was studied by T. Watanabe et al. at LNS.
Particle identications were performed via the K0 ! +  decay channel. Fig-
ure 1.12 shows the total cross sections of 12C! K0X and 12C! K+X reactions
17
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Figure 1.12: Total cross section of photo-induced K+ and K0 photoproduction on 12C as
a function of the incident photon energy E . Figure is taken from Ref. [57].
as a function of incident photon energy E . The derived cross sections show that the
orders of magnitude of the cross sections for the two reactions closely match to each
other. Note that this study required to identify nothing but the K0 meson in the nal
state, i.e. no requirements was made for the hyperon. Thus the events include not
only K0 channel but also K0 ones. However, since the production threshold for
the K0 channel is about E =1.05 GeV, the reported points can be considered as
comprised from the K0 photoproduction apart from the highest one or two points.
1.5.2 Measurement with liquid D2 Target
Recently, experimental data for the d ! K0p reaction was reported by Tsukada
et al. [58]. The neutral kaon photoproduction was also studied at LNS using a liquid
deuterium target. Figure 1.13 shows the dierential cross sections of the d! K0p
reaction as a function of K0 momentum PK0 in the laboratory frame. The inci-
dent photon energy E ranges from the reaction threshold up to 1.1 GeV, and the
dierential cross sections were measured with forward direction for K0 emission an-
18
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gle (0:9  cos K0lab < 1:0). Comparing these experimental data with theoretical
calculations revealed the numerical values of K1 and K coupling. Furthermore, it
indicated that the u-channel contribution plays an important role in this reaction.
However, the study could not elucidate the entire reaction, and further experimental
studies on K0 photoproduction are required. One of the goals of the present study
is to reveal the reaction mechanism of the K0 photoproduction via complete angular
distribution.
1.6 Goals of This Study
In this section, we summarize our goals in this study. As described in Sec. 1.5,
the n ! K0 reaction was not well studied before. The angular distribution of
the reaction gives the important information for the resonance study. No data was
available for the dierential cross section of this channel for the entire angular range.
It is expected that the t-channel contribution is small (Sec. 1.4). On the other hand,
the important information given by Ref [58] is that the u-channel contribution may
play an important role in this channel, which is to be studied in this work.
The total cross section is also important. The rst measurement of the total
cross section for the K0 photoproduction provides us new knowledge or additional
constraints for the present understanding. Particularly, the prominent structures
introduced in Secs. 1.2.1 and 1.2.2 are of great interest in the near-threshold region.
As discussed in Sec. 1.2.1, K0 system has the similar properties to the n system
from the point of view of the isospin, initial state, and ss component. No matter
how the presence of those is, the conrmation of the N(1670) and N(1710) existence
ensures providing new constraints for the various interpretations.
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Figure 1.13: Dierential cross section of d! K0p photoproduction reported by Tsukada
et al. [58] (upper row). The curves show the calculation of Kaon-MAID (solid black), SLA
(dotted black), PH1 (dotted), and PH2 (dashed-dotted). The K0 cross sections given
by Kaon-MAID are also drawn in the blue lines. The bottom panels shows the calculated
dierential cross sections in the n center-of-mass frame.
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Chapter 2
Experiment
Photoproduction experiments have been carried out in Research Center for Electron
Photon Science (ELPH), Tohoku University, Japan. This chapter introduces the
experimental apparatuses, data taking scheme, and a summary of the taken data
from 2008 to 2010.
2.1 ELPH Accelerators
At ELPH, there are some accelerators which provide electron, and photon beams.
A layout of ELPH facility with the accelerators and experimental halls is shown in
Fig. 2.1. In this section, the specication of the accelerators are introduced. Firstly,
electrons are extracted from a thermionic electron gun. Then the electrons are im-
mediately accelerated up to 150 MeV through a linear accelerator (LINAC). The
150 MeV electrons are injected to a synchrotron, called STrecher Booster (STB) ring,
located at the ELPH second experimental hall. They are boosted up to the maxi-
mum circulating energy Ee, usually set to be either 0.92 or 1.2 GeV. The accelerated
electrons are stored in STB ring typically for 10 seconds.
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Figure 2.1: Layout of the ELPH facility.
2.2 Photon Beam
A bremsstrahlung photon beam is produced by inserting a radiator into the circulating
electrons in the STB-ring. The radiator is made of a 11 m thick carbon ber, which
moves toward the center of the circulating electrons so as to make the photon intensity
constant at the target. The radiator is located 303 mm upstream from the edge of
the BM5 bending magnet. The Bremsstrahlung photon energy, E , can be measured
by detecting a recoil electron energy, E0e, as
E = Ee   E0e; (2.1)
where Ee is the circulating electron energy. There are two STB operation energies,
namely Ee =0.92 and 1.2 GeV. Accordingly, the maximum energy of bremsstrahlung
photons is limited by the STB operation energy.
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Figure 2.2: Schematic view of the STB ring. Locations of the carbon radiator and STB-
Tagger II are pointed by the arrow.
2.2.1 Photon tagging counter: STB-Tagger II
The recoiled electron energy E0e is analyzed by the BM5 bending magnet and photon
tagging system, STB Tagger II (Tagger). Tagger consists of 116 channels of 4 mm
square scintillating ber pairs and detects position of the bended electron. Figure 2.3
shows a schematic view of apparatuses around Tagger. All of 232 signals are read
out by multianode photomultiplier tubes (PMT) Hamamatsu H8711A-10MOD. Each
channel outputs a logic signal when both of the corresponding two bers response.
The 116 channels discriminate typically 1{2 MeV energy bins of photon energy. The
i-th PMT consists of four Tagger channels 4(i 1){4i. The uppermoststream channel
is assigned the lowest number while the downmoststream channel has the highest
number in the PMT.
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Figure 2.3: Geometry of the photon tagging system: the STB Tagger II (left). The numer-
ical values of blue letters are the number of the PMT which read out the signals of eight
scintillating bers. The right cartoon shows the PMT and eight bers with some numerical
distances.
Corresponding photon energies of each Tagger channels are studied by measuring
both of the pair produced e+e  [59]. Figure 2.4 shows the correspondence between a
Tagger channel and the photon energy at 1.2 GeV mode. Generated photon energy
can be identied in energy range form 750 to 1150 MeV.
It is well understood that counting losses of Tagger signal occur when multiple
logic signals overlap to each other so that they are undistinguishable. This eect will
be taken into account to derive the number of photons (Sec. 4.12).
Figure 2.5 shows the typical occupancy plot of the Tagger channels. Counts of
some Tagger channels are suddenly dropped as a consequence of two support materials
of Ti window ame as shown in Fig. 2.3.
2.3 Electromagnetic Calorimeter Complex FOREST
The nal state particles or their daughter particles generated by photoproduction reac-
tions were detected by an electromagnetic calorimeter complex system, named Four-pi
Omnidirectional-Response Extended Spectrometer Trio (FOREST). Figure 2.6 shows
a schematic view of FOREST. It consists of three sets of calorimeter and hodoscope
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Figure 2.4: Correspondence between the Tagger channel and generated photon energy when
the circulating electron beam energy in STB-ring is 1.2 GeV.
where each set covers dierent polar angles but covers the whole angular range for the
azimuthal direction. Details of detectors in each set, forward, central, and backward
sectors, are described in below subsections.
2.3.1 Forward calorimeter: SCISSORS III
The forward calorimeter that is named Sendai CsI Scintillation Systems On Radiation
Search III (SCISSORS III) consists of 192 pure CsI crystals. Figure 2.7 shows the
schematic view of the SCISSORS III. There are two types of the pure CsI crystal: an
LNS type and INS type. Figure 2.8 shows the geometrical congurations of those.
Each of those shapes a truncated hexagonal pyramid but the longitudinal length of
the LNS type CsI crystal is 300 mm while that for INS type is 250 mm. Since the
CsI crystal has the deliquescency, the LNS type CsI crystals are housed by the 1 mm
thick aluminum. However the INS type crystals are just covered by the reector
lms, light shielding sheets, and black tapes. The 47 INS type CsI crystals compose
the outermost peripheral part of the SCISSORS III. Those are drawn by the red
lines in Fig. 2.7. All of remaining parts are composed by the LNS type CsI crystals.
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Figure 2.5: Typical occupancy plot of Tagger counters.
The SCISSORS III plays the part of issuing the FOREST trigger for data taking as
described in Sec. 2.7.
Energy resolution E=E was studied by means of the positron beam irradiation
at the ELPH positron beam line for both of the LNS [60] and INS [61] type pure
CsI crystals. It is known that the energy resolution of an calorimeter can be well
parametrized as [62] E
E
2
=
a0
E
2
+

a1p
E
2
+ b2; (2.2)
where a0 and a1 are numerical representations of the electronic noise and the photo-
electron statistics, respectively. The constant term b depends on the eect of shower
leakage, nonuniformities and so on. Those parameters for the CsI crystals were found
by tting Eq. (2.2) to the taken data. The energy resolution of the INS and LNS type
pure CsI crystals were estimated as
E
E

INS
=
s
0:16 0:03
E
2
+

1:58 0:02p
E
2
+ (2:80 0:02)2 and (2.3)
E
E

LNS
=
s
1:23 0:13
E
2
+

2:54 0:03p
E
2
; (2.4)
26
Chap. 2 Experiment 2.3Electromagnetic Calorimeter Complex FOREST
SCISSORS III SPIDER
FOREST
IVY
LOTUS
LEPS Backward Gamma
Rafflesia II
Figure 2.6: Overview of the 4 electromagnetic calorimeter FOREST.
where the energy resolution E=E and incident positron energy E are given in percent
and GeV, respectively. Figure 2.15 shows the energy resolution as a function of the
incident positron energy E.
The normal vectors of the pure CsI crystals do not point to the center of the target
but point toward downstream of that. Therefore, a particle which generated in the
target enters the pure CsI crystal from not only the hexagonal front face but also the
side face. This conguration is taken into consideration when the incident position of
the particle is reconstructed [63].
2.3.2 Forward hodoscope: SPIDER
Forward hodoscope: Spiral-shaped Particle Identication Detector for Elementary Re-
actions (SPIDER) locates between the corresponding calorimeter: SCISSORS III and
the target. It consists of 3 layers of 24 spiral-shaped plastic scintillators. Figure 2.9
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Figure 2.7: A schematic view of the forward calorimeter SCISSORS III. The blue (red)
letter shows the crystal ID for LNS (INS) type CsI. The green letter shows the block number
using for the event trigger which described in Sec. 2.7.
shows the schematic view of SPIDER hodoscope. The curvature of each scintillator
can be described as
r = exp 1:1; (2.5)
where r is the distance from the center of the hodoscope and  is the polar angle
to the z axis which ranges typically 4{24. The uppermoststream layer consists of
left handed scintillators and the other layers consist of right handed ones in view of
upstream. In the latter case, the one layer rotates about 5 from the other one so
that there is no dead region for the charged particle detection, structurally. Therefore,
this hodoscope is capable of detecting the hit position of the incident particle, namely
both of the polar and azimuthal angles, by itself while the other hodoscopes merely
28
Chap. 2 Experiment 2.3Electromagnetic Calorimeter Complex FOREST
Figure 2.8: Geometries of the LNS type (left) and INS type (right) CsI crystals. The
geometry of the aluminum frame for the LNS type CsI is also drawn. The numerical values
are written in mm unit.
perform as azimuth detectors. The PMT Hamamatsu R8900U is used for all of the
72 channels connected via a dog-leg shaped light guide.
2.3.3 Central calorimeter: Backward Gamma
The central calorimeter: Backward Gamma consists of 252 lead scintillating ber
(Lead/SciFi) modules. The Lead/SciFi module is a sampling calorimeter made by
lead as electromagnetic shower generator and periodically located 1.0 mm scintil-
lating bers as detector. Figure 2.10 shows the geometric conguration and picture
of the Lead/SciFi module. About 5000 scintillating bers are contained in one mod-
ule. Each module covers 10 for both of the polar angle and azimuthal angle in the
FOREST system. The total coverage of the Backward Gamma is 30{100 for polar
direction and 2 for azimuthal direction. Figure 2.11 shows a schematic view of Back-
ward Gamma. The Backward Gamma can be separated for 7 rings of 36 Lead/SciFi
modules (See Fig. 2.11). Ring numbers from 3 to 9 are assigned from the most
downstream ring to the most upstream ring. The signals are read by 2 inch PMTs,
Hamamatsu H7195, for Lead/SciFi modules which belong to the 4th{9th ring. For
the 3rd ring, 1.5 inch PMTs, Hamamatsu H3178-60, are connected to the modules. It
is notable here that some broken PMTs were replaced with Hamamatsu H6410 PMTs.
The signal of this calorimeter joins to the FOREST trigger as described in Sec. 2.7.
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Figure 2.9: Schematic view of the SPIDER hodoscope. Upstream layer which consists
of 25th{48th plastic scintillators is drawn in red, central layer which consists of 49th{72nd
plastic scintillators is drawn in green, and downstream layer which consists of 1st{24th plastic
scintillators is drawn in blue.
Energy resolution was studied by means of e+ beam at ELPH positron beam line
(see Sec. 2.6). By using Eq. (2.2), the estimated energy resolution E=E is described
as [64]
E
E
=
s
1:9 0:1
E
+

6:9 0:1p
E
2
+ (0:0 0:9)2; (2.6)
where the energy resolution E=E and incident positron energy E are given in percent
and GeV, respectively. This shows the energy resolution is 7.2% for 1 GeV photon.
The estimated resolution is drawn in Fig. 2.15 as a function of the incident positron
energy.
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Figure 2.10: Schematic view of a Lead/SciFi module.
2.3.4 Central hodoscope: IVY
A charge identifying hodoscope, named IVY, corresponding to the Backward Gamma
is made by 18 pieces of 5mm thick plastic scintillators. Each scintillator with a trape-
zoidal shape covers about 30{100 for polar direction and about 21 for azimuthal
direction. The coverage for the azimuthal direction of each scintillator depends on
the polar angle but the dierence of those is within a few degrees. One scintillator
overlaps to its neighbors about 1 [65]. The 18 plastic scintillators form a barrel
shape to cover full azimuthal angle. Figure 2.12 shows a schematic view of the IVY
hodoscope. A PMT, R8900U which is made by Hamamatsu Photonics, is connected
to downstream edge of each plastic scintillator via dog-leg shaped light guide. The
PMTs are sandwiched between the Lead/SciFis which belong to the 9th ring of the
Backward Gamma and the iron frame of the Backward Gamma.
2.3.5 Backward calorimeter: Raesia II
The backward calorimeter Raesia II consists of 62 Lead Glass Cherenkov counters
(LG). There are two types of the counters: SF5 type [66] and SF6 type. Although
both of them shape a rectangular solid, size and composition are dierent. Table 2.1
summarize their congurations, densities, and mixture ratio of compositions: PbO
and SiO2.
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Figure 2.11: A schematic view of Backward Gamma as seen from the upper stream. The
assigned channel number of each Lead/SciFi is written in a black letter, block number is
written in a green letter, and a column number is written in a red letter.
The 5 inch PMT Hamamatsu R1250 directly connects to the SF5 LGs and the
2 inch PMT directly connects to the SF6 LGs. Figure 2.13 shows the schematic view
of the Raesia II. Energy resolution of SF5 was studied in the same way as another
calorimeters as irradiation of the e beams. Energy resolutions of the SF5 [67] and
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Figure 2.12: Schematic view of IVY hodoscope.
Table 2.1: Properties of SF5 and SF6 Lead Glass Cherenkov counters.
Width Height Depth Density Mixture ratio
SF5 150 mm 150 mm 300 mm 4.075 g/cm3 0:538 : 0:468
SF6 75 mm 75 mm 250 mm 5.20 g/cm3 0:683 : 0:313
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Figure 2.13: A schematic view of Raesia II.
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Figure 2.14: A schematic view of LOTUS hodoscope and Raesia II.
SF6 [68] LGs were estimated as
E
E

SF5
=
s
0:5 0:1
E
2
+

4:06 0:01p
E
2
+ (2:7 0:1)2 and (2.7)
E
E

SF6
=
s
0:6 0:1
E
2
+

7:0 0:1p
E
2
+ (2:8 0:2)2; (2.8)
where the energy resolution E=E and incident positron energy E is given in % and
GeV, respectively. These resolutions are drawn in Fig. 2.15 as a function of E.
2.3.6 Backward hodoscope: LOTUS
The backward hodoscope LOTUS was set up in the middle of FOREST experimental
periods, using 12 trapezoidal plastic scintillators. This hodoscope locates at the up-
stream edge of the Backward Gamma for charge identication of particles which y
into the Raesia II. Figure 2.14 shows the schematic view of LOTUS hodoscope with
the Raesia II. LOTUS clings to 10 mm thick stainless steel frame which is a part
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Table 2.2: Summary of the properties of the calorimeters pure CsI crystals, Lead/SciFi
module, and lead glass Cherenkov counters [67], which is a member of the FOREST detector
system.
name ()  component X0 length
SCISSORS III 4{24 2
pure CsI (LNS type)
pure CsI (INS type)
18.5 mm
18.5 mm
16.2X0
13.5X0
Backward Gamma 30{100 2 Lead/SciFi 16.0 mm 13.8X0
Raesia II 110{170  2 Lead glass (SF5)
Lead glass (SF6)
25.4 mm
17.0 mm
11.8X0
11.8X0
of the support system of Backward Gamma. Hence it rarely occurs that the LOTUS
hit and hit of the upper most stream Lead/SciFi module of Backward Gamma are
coincident with each other which is mainly considered as shower leakage from the
Lead/SciFi module.
2.3.7 Summary of the FOREST detectors
The properties of the FOREST calorimeters and hodoscopes are summarized. Ta-
ble 2.2 summarizes the properties of FOREST calorimeter and their components.
The studied energy resolutions of the calorimeter: CsI (LNS), CsI (INS), Lead/SciFi,
SF5 lead glass, and SF6 lead glass by use of the e beam are summarized in Fig. 2.15.
Note that the incident e energy ranges from about 100 MeV to 800 MeV. The other
regions are extrapolated by the evaluated curves Eqs (2.4), (2.6), (2.8). Figure 2.16
shows a cross sectional view of FOREST. The forward detector system which consists
of SCISSORS III and SPIDER covers   [4; 25), where  is the polar angle in the
Laboratory frame. The central detector system which consists of Backward Gamma
and IVY covers   [30; 100).
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Figure 2.15: The energy resolutions of the FOREST calorimeters: the pure CsI (LNS), pure
CsI (INS), Lead/SciFi module, lead glass (SF5), and lead glass (SF6).
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250 mm
Figure 2.16: A cross sectional view of the FOREST. Polar angles are written with guide
lines (dashed-dotted line).
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2.4 Liquid Helium/Deuterium Target
The standard FOREST experiments were carried out with the liquid hydrogen, liquid
deuterium [69], and empty targets. A target cell is set inside of a target pipe which
lies along the beam direction with 2 mm thick, 61 mm bore radius, and 1000 mm
length and made of 4N pure aluminum. Target refrigerator connects to the cell inside
of the vacuum chamber. The 1.25 m thick aramid lms are attached to upstream
and downstream sides of the target cell.
The target depth along z axis is an important information for calculating the num-
ber of targets. This was measured through the use of a laser displacement meter [70].
The measured lengths of the H2 and D2 targets were 45.1 and 45.9 mm, respectively.
2.5 Beam Prole Monitor: -BPM
A photon beam proling monitor system, called -BPM, locates at downstream of
FOREST. It consists of a veto counter, converter, trigger counter, and two hodoscopes.
The veto counter is made by a 1 mm thick and 70 mm square plastic scintillator. The
trigger counter is made by a 1 mm thick and 55 mm square plastic scintillator. On
this counter, two light guides and two PMTs are connected to the scintillator for
the horizontal and vertical direction, respectively, while the veto counter is connected
by one light guide and PMT. All of the three PMTs which read out signals from
the veto and trigger scintillators are the 2 inch PMT Hamamatsu H7195MOD. The
0.5 mm thick Al converter locates between the veto and trigger scintillators. The
hodoscope consists of 16 scintillating bers of 3 mm square and 48 mm long. Each of
the hodoscopes form a single layer structure but are set being perpendicular to each
other so that one detects the x axis and the other detects y axis of the incident e.
Therefore, the sensitive area for the photon beam is 4848 mm2 with 256 of 33 mm2
pixels. Signals from the 16 scintillators are read out by the 4  4 multianode PMT
Hamamatsu H6568-10MOD1. Figure 2.17 shows a schematic view of the -BPM.
The veto and trigger scintillators are aligned as the z-axis penetrates the center of
the scintillators. The hodoscopes are also aligned as the z-axis penetrates the center
of the sensitive area. The trigger signal of the -BPM is generated by
(Veto)
 (Trigger 1)
 (Trigger 2) (2.9)
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50mm
Figure 2.17: A schematic view of the -BPM.
where the 
 denotes a coincidence, overline denotes a negative logic signal, and the
trigger 1 and 2 are the logic signals originated from the read out signal of the vertical
and horizontal PMTs. Figure 2.18 shows a typical beam prole measured by the -
BPM. The mean  and width  for the vertical and horizontal directions was evaluated
by tting gauss function to the projected histograms for the x and y axis. The
tted gaussian is overdrawn in the Fig. 2.18 by red lines. The run dependence of
the  and  is shown in the Fig. 2.19. The mean of the incident photon beam
uctuates in about 5 mm throughout the all of the FOREST experimental periods.
The uctuations of the mean and width of the incident photon beam were taken into
account in performing the Monte Carlo simulation (Sec. 3.2).
2.6 Sweeping Magnet: RTAGX
A dipole electromagnet RTAGX [71,72] was installed at uppermost stream in GeV-
experimental hall. The center of this magnet locates at  4 m upstream from the
target. One of the roles RTAGX plays is to sweep the charged particles which con-
taminate the incident photon beam. However, high energy e cannot be swept away
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Figure 2.18: A typical beam prole measured by the -BPM (left), a projection for the
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tted gaussian is drawn by the
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Figure 2.19: Run dependence of the mean  and width  of the beam pro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enough from the photon beam axis. Such particles get in the FOREST detectors and
consequently contaminate collected events. For that, charged particle identication
(Sec. 4.4) should take it into account.
The other role is momentum analyzer for ELPH positron/electron beam lines.
These beam lines are activated by converting incident photon to e pair using Au,
W, or Cu. These beams with good momentum resolution, typically 0:5%, are suitable
for testing detector performance. The energy resolutions of the calorimeters described
above were studied by using these e beams.
2.7 Event Trigger
Many kinds of trigger conditions in FOREST experiment are arranged for dierent
purposes. Three trigger conditions which relates to this work are listed below with
their intentions.
1. GrandNgamma2: Standard physics run.
2. TotalSigmaTagger: Measurement of the photon transmission rate.
3. BPM: Photon beam proling.
For the GrandNgamma2, data taking was triggered by a coincidence between the Tagger
and FOREST triggers. The Tagger trigger is generated by one signal of the Tagger
channel. On the other hand, FOREST trigger was generated by a coincidence of two
block signals. As described in Sec. 2.3.1 and Sec. 2.3.3, the component detectors of
SCISSORS III and Backward Gamma are categorized to 10 and 18 blocks respectively
as written in green letters in the Fig. 2.7 and Fig. 2.11. The 2nd{9th blocks of the
SCISSORS III and 1st{18th blocks of the LEPS Backward Gamma take part in the
FOREST trigger signal. The FOREST trigger is generated by coincident two signals
among the 26 blocks. The threshold energy for the FOREST triggers will be discussed
in Sec. 4.11.
The TotalSigmaTagger trigger was used for studying the photon transmission
rate in each experimental period. At the runs, a SF5 Lead Glass (LG) was set at
2.8 m downstream from the FOREST target. The LG was aligned as the photon
beam come along the longitudinal axis of it. Since the high rate photon beam can
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Table 2.3: Number of collected events with liquid hydrogen/deuterium target in the each
FOREST experimental period (rst two rows). The last row shows the circulating electron
energy Ee in STB ring.
period 08A 08B 08C 09A 09B 09C 09D 09E 10A 10B
# of data (H2) 76M 234M 388M 225M 211M 254M 493M 100M 112M 245M
# of data (D2) | | 283M 297M 548M | 892M 86M 114M 236M
Ee (GeV) 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.92 0.92 1.2
pile up the analog signal measured by the SF5 LG, the photon transmission rate was
studied with low current electron beam in the STB ring.
2.8 Collected Data in FOREST Experiments
The collected data by the FOREST experiments from 2008 to 2010 are summarized.
The circulating electron energy Ee in the STB ring (1.2 GeV or 0.92 GeV) two kinds
of targets (liquid H2 and D2) in each experimental periods are listed in Table 2.3.
In particular 2.3 G events were corrected with deuterium target for 1.2 GeV mode
operation. Note that the backward detectors Raesia II and Lotus were participated
in the FOREST detector system from 2008C and 2009D respectively.
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Kinematics and Simulation
This chapter describes the kinematics for the n ! K0 reaction, mainly obtained
by a Monte Carlo simulation based on GEANT4 [73].
3.1 Kinematics
In this section, theK0 kinematics is discussed in order to decide some event selection
criteria. The center-of-mass (CM) energy
p
s for the n! K0 reaction is calculated
by
p
s =
q
(E + En)
2   (P + Pn)2 =
q
(EK0 + E)
2   (PK0 + P)2; (3.1)
where E , En, EK0 , and E are the energy of an incident photon, a target neutron,
K0, and , respectively. P denotes the momenta of those particles. If the target
neutron is assumed to be at rest, the incident photon energy threshold Ethr for this
reaction is given as q 
Ethr +mn
2   E2 = mK0 +m; (3.2)
! Ethr = 915:3 MeV: (3.3)
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Since no free neutron target is available, practically the target neutron has the Fermi
momentum in a nucleus. This eect is discussed in Sec. 3.2.2.
In the reaction nal state, the emission angles of generated particles depend on
the incident photon energy. It is important to gure out the kinematic properties of
this reaction for ecient event selection.
The maximum emission angle of K0 is estimated without target Fermi motion. In
the CM frame, K0 energy EK is expressed as a function of incident photon energy
EK(E) =
s+m2K0  m2
2
p
s
; (3.4)
where
p
s is given by Eq. (3.1). Then in the Laboratory (Lab) frame, the maximum
K0 emission angle MAXK can be computed with boost parameter  = (0; 0; E=(E +
mn))) (0; 0; )
MAXK (E) = cos
 1
 
1

s
1  E

K
2m2K0
!
(3.5)
3.2 Monte Carlo Simulation
Simulations were performed by a Monte Carlo (MC) program based on GEANT4 [73].
The simulations are mainly used for the acceptance (Sec. 4.11) and background esti-
mations (Sec. 4.8) in this work. This section introduces the MC simulation conditions
adjusted to the FOREST experiments. The simulation conditions are summarized be-
low.
1. The reaction vertices of a photoproduction reaction distribute in accordance
with the photon beam prole for the x and y directions, and isotropically for
the z direction.
2. The momentum distribution of the target neutron follows the Hulthen's wave
function [74] including Fermi motion.
3. All of the detectors except for the -BPM are modeled and located to reproduce
the relative position relationship.
4. The resolutions of FOREST detectors are smeared to reproduce the actual re-
sponses of themselves.
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5. K0 and  are isotropically emitted in the n CM system.
6. K0, , and 0 decay to 00, p , and , respectively, with 100% probability.
Details are given in the below subsections.
3.2.1 Reaction vertex
In the MC simulation, the reaction vertices are distributed to reproduce the measured
beam distribution in the x and y directions. The proles of the photon beam were
measured in each experimental period by the -BPM (see Sec. 2.5). The mean  and
width  for the x and y projections of the photon beam are given by tting with
Gaussian as shown in Fig. 2.18. Note that these values are estimated in the case of
1.2 GeV STB operation mode. In the 0.92 GeV mode, the beam size was a little bit
wider but this mode does not aect this work. The measured widths were scaled at
the target position because the prole monitor locates at about 2.9 m downstream
from the target.
3.2.2 Target Fermi motion
The neutron Fermi momentum was introduced as distributing the Hulthen's wave
function [74]
F (p) / p
2
((p2 + )(p2 + 2))
2 ; (3.6)
where the parameters  and  are given by tting the nucleon distribution in deuteron
studied by means of the electron inelastic scattering [75]. These values are [76]
 = 45:58 0:22 and (3.7)
 = 234:04 1:95: (3.8)
Figure 3.1 shows the Fermi momentum distribution given by Eqs. (3.6){(3.8). It
is found that the momentum of nucleon in the deuterium peaks at distributes with
50 MeV/c peaking and the probabilities gently decrease toward higher momentum.
The energy of the target neutron En is decided so that spectator proton is on
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Figure 3.1: Fermi momentum distribution calculated by Eqs. (3.6), (3.7), and (3.8).
shell. Hence the En is computed as
En = md  
q
p2Fermi +m
2
p; (3.9)
where pFermi is the simulated nucleon momentum and the masses of relevant particles
are given as the PDG values [1]: md = 1875:612793 MeV/c
2,mp = 938:272046 MeV/c
2,
and mn = 939:565379 MeV/c
2.
3.3 Kinematics of K0 Photoproduction
In this section, the angular and momentum distributions for K0, proton, and  
are checked by using the MC simulation introduced in Sec. 3.2 to consider the cut
conditions for theK0 event selection. It is notable thatK0 photoproduction events
are generated isotropically according to phase space in the n CM frame. Figure 3.2
shows two dimensional plots of momentum versus emission angle for K0, p, and  .
The emission angles of proton and   in the Lab frame were roughly estimated to be
p  30 and   100, respectively. These angles correspond to the boundaries of
calorimeters or hodoscopes. This fact relates to the cut condition for the n! K0
event selection as discussed later.
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Figure 3.2: Correlations between momentum and emission angle of K0 (left), p (center),
and   (right) estimated by phase-space generated MC simulation.
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Figure 3.3: The , c , and  distributions for K0 (black) and  (red) obtained by MC
simulation.
3.3.1 Lifetimes
In general, the lifetime of a particle can be expressed as  . As described in Sec. 1.4,
both of K0 and  decay with the weak force. Thus those lifetimes are longer than
that of strongly decaying particles. The values of c for K0 and  were set by the
PDG value (see Table 1.3) in the MC simulation. The lifetimes and ight lengths
expected in the present analysis were checked by using the momenta obtained in the
MC simulation. Figure 3.3 shows the , c , and  distributions forK0 and . The
c distribution shows the ight length of both particles are comparable to the target
length (see Sec. 2.4). Hence, in this work, K0 and  were assumed to decay inside the
target cell. Note that these distributions were obtained with isotropically generated
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angular distributions. Hence the important values are edges of distributions. The 
for K0 is small enough to check the time coincidence between the FOREST detectors
and Tagger (see Sec. 4.7), namely, the ight time before decay of K0 is also ignorable
in terms of the E (incident photon energy) selection.
3.3.2 Proton and charged pion separation
The particle identication of proton and   is one of the important tasks to extract
the K0 events clearly since there are many background reactions with multi-
production.
As discussed in Sec. 3.3, almost all of protons are expected to y toward the
forward detectors, SCISSORS III and SPIDER, in this energy region while charged
pions y toward more backward, but until the limit of the central detectors, Backward
Gamma and IVY. Hence, the separation method for the two kinds of charged particles
should be considered on the forward detectors. On the other words, in this work, the
charge hits detected at the central detectors are regarded as charged pions.
The charged particle identication with the calorimeters is commonly done by
using the E and E correlation, where E is the energy measured by the thin ho-
doscopes and E is measured energy by the calorimeters. The dierent masses generate
characteristic loci particle by particle. However, the E distribution potentially has
a tail shape, so-called the Landau tail, toward the higher energy side so that charged
pions contaminate to the proton region in the correlation plot. In this work, an alter-
native p  separation method was adopted. One of the eective ways is to distinguish
the proton and   by use of their velocity . Figure 3.4 shows the  dierence be-
tween proton (p) and 
  () for dierent emission angles in the Lab frame. That
shows that protons arrive at the forward detectors after charged pions if both of the
charged particles y to forward angles less than the boundary of SCISSORS III and
Backward Gamma  25. Thus the faster changed particle was assigned to   and
slower one to proton. The eectiveness of this cut was checked by the MC simula-
tion. Figure 3.5 shows the E-E plot with the beta selections described above. It
is conrmed that protons and pions are well discriminated by the  cut. This cut
condition was applied to the real data analysis described in Sec. 4.4.
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Figure 3.4: The  dierence between proton and   for dierent emission angles in the
Lab frame. Red line shows the dierence when both of two charged particles y to forward
< 25 in Lab frame. Blue line also shows that but the emission angle for proton is < 25
and for   is  25. Black line shows the  dierence distribution in all case of two charged
particle emission angles.
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Figure 3.5: The two dimensional plot of E and E. The ESp is the measured energy
by the forward hodoscope SPIDER and ESe is measured energy by the forward calorimeter
SCISSORS III. The left (right) panel shows that of proton ( ) assigned by the  selection.
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Chapter 4
Data Analysis
4.1 Particle Reconstruction Algorithm
This section describes how to reconstruct the four-momentum of a detected particle.
4.1.1 Clustering
Generally, a photon is converted into an electro-magnetic (EM) shower when it in-
teracts in heavy materials. The transverse size of the shower depends on the Moliere
radius, which is known to be 3.6, 1.6, and 4.3 cm for the pure CsI, lead, and Lead
Glass, respectively. Hence one photon deposits its energy to several adjacent detec-
tor modules, which are optically isolated from each other. Photon reconstruction is,
therefore, based on the clustering method which combines the related modules. The
clustering algorithm is done by the following processes:
1. Search for a calorimeter module, which has TDC information but does not
belong to any cluster.
2. Register adjacent modules to the above module as a member of the new cluster.
3. If the new member has TDC information, repeat the above process until every
adjacent members do not have TDC information.
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Finally, all of the peripheral modules in the clusters must have no TDC informa-
tion unless a cluster member which has TDC information locates at the end of the
calorimeter. Thus, it is possible for the peripheral ones to have the energy less than
20 MeV, which corresponds to the discriminator threshold. The clustering method
is basically suited to reconstruct the EM shower by a photon, electron, or positron.
For heavier particles, since energy deposit mechanism is dierent from the above light
mass particles, the momentum is reconstructed based on the time-of-ight (TOF)
measurement instead of the use of the cluster energy.
The position r of a cluster is reconstructed by an energy-weighted average:
r =
1
Ecls
NmodX
i=1
ri
Ei
nclsi
; (4.1)
where Nmod is the number of modules which join to the cluster, ri is the center
position of a front face of i-th module, Ei is the measured energy by the module, and
Ecls is the total energy of the cluster. The i-th module is commonly included in only
one cluster. However, if a peripheral module is multi-booked by dierent clusters, the
measured energy in the module is equally divided to the related clusters.
The identication of the core module in a cluster is important to obtain shower
information. Generally, the cluster core module locates at the center of a cluster
and possesses the largest energy among the cluster members. In the present analysis,
the module with the largest energy in a cluster is assigned as the core module. The
measured time of the cluster is given by the core module.
4.1.2 Charge identication for a cluster
The electric charge of the detected cluster can be identied by checking the signals
from the front hodoscope of the calorimeter. For this purpose, the geometrical cor-
respondence between a calorimeter module and plastic scintillator(s) had been listed
up in advance by checking the occupancy plot of the plastic scintillators for the hit
at each calorimeter module [77]. Figure 4.1 shows occupancy plots of IVY plastic
scintillators for dierent Lead/SciFi modules which belong to the most downstream
layer. Typically two or three scintillators correspond to a Lead/SciFi module. These
plots were cross-checked by means of the events detecting the pair created e, charged
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Figure 4.1: Occupancy of IVY plastic scintillators for Lead/SciFi modules of Backward
Gamma [77]. \Be" stands for Backward Gamma and the following number indicates the
examined channel of Backward Gamma (See Fig. 2.11). The green line shows the 1% of the
total counts.
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Figure 4.2: The lower (tl) and upper (tu) limits of the timing window as a function of
a measured cluster energy for checking correspondence between a cluster and front plastic
scintillators. The actual limits are set to 1 ns wider by the decided red curves [78].
pion which is a product of p ! 0+n reaction, and recoil proton via p ! 0p
reaction [77].
The correspondence between a cluster and plastic scintillators was also conrmed
by their timing consistency. A time window for charge identication was determined
as a function of the cluster total energy to exclude accidental coincidence of them.
The boundaries of the time window were set to be about 3 ns at higher energies,
and their variation at lower energies was dened for individual calorimeter systems,
as shown in Fig. 4.2 [78].
Occasionally, an incident photon causes a \back shower", which is a part of EM
shower escaping from the calorimeter module and hitting the front hodoscope. In
such case, the hodoscope measures a peculiarly low energy, which is typically less
than 0:5 MeV. Therefore, the hodoscope hit with 0.5 MeV or less was ignored.
4.1.3 Knotting
A plastic scintillator geometrically overlaps with its neighbors. In the SPIDER ho-
doscope case, naively three scintillators may respond by one charged particle because
of the three layer construction. In the case of IVY and LOTUS, the number of scin-
tillators where a charged particle passes depends on the azimuthal angle. There are
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overlap regions in every 20 and 30, respectively. Thus the geometrical grouping of
the hit scintillators is necessary to reconstruct the incident position of particle and to
count the number of charged particle correctly. For this purpose, a knotting method
was introduced in a similar way as the clustering method of the calorimeter module.
4.2 Calibrations and Corrections
4.2.1 Energy calibrations
Energy deposit from an incident particle to the calorimeter is reconstructed based on
the recorded ADC values which are proportional to the amount of the scintillation
light. The deposit energy to a calorimeter module E is computed as
E =  (A A0) ; (4.2)
where A is the ADC value, A0 is the mean value of the pedestal distribution, and 
is the calibration factor.
Energy calibrations for calorimeter modules were performed by adjusting the 
parameters with the sample of 0 !  decay events. To select the decay events
clearly, timing coincidence of the two neutral clusters was required. Thus the energy
calibration process needs calibrated timing information while the timing calibration,
which is described in the next section, also requires the correct energy of FOREST
modules to select the 0 !  events. Iterative processes are needed to settle the two
kinds of calibrations. The calibration factor  was determined so that the invariant
mass of two  clusters equals to the 0 rest mass [1]. The invariant mass of two
photons, 1 and 2, is computed by
M(1; 2) 
p
2E1E2(1  cos 12); (4.3)
where E1 and E2 are measured energy of 1 and 2, respectively, and 12 is the
opening angle between the two  clusters in Laboratory (Lab) frame.
In the hodoscope case, energy calibration was performed so that the distribution
of energy deposits by minimum ionizing particles (MIP) should be peaked at 1. Since
the thickness of the hodoscope scintillators is 5{6 mm, the calibrated energy can be
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roughly interpreted as a unit of MeV.
4.2.2 Timing calibrations
The measured time t of a detector is reconstructed by the recorded TDC value T and
the conversion factor CT which is the time resolution of the TDC module as
t = CT (T   T0): (4.4)
The timing calibration of the individual calorimeter module was done by adjusting T0
to the timing when the particle with the light velocity arrived at the detector. In the
case of the calorimeter, the 0 !  decay events were used for the timing calibration
so that the time dierence between two photons is adjusted to zero. Since the quality
of the event selection depends on the energy calibration, calibrations were performed
iteratively. In the hodoscope case, the time calibration was done by selecting an
electron or positron mainly converted from a photon.
For Tagger plastic scintillators, the timings of recoil electron hits are also calibrated
to zero. Thus the dierence between the photon detection timing at FOREST and
the Tagger hit timing corresponding to the reaction must be zero. However, there are
accidental hits at the Tagger plastic scintillators which do not correspond to the true
photon beam energy. Such accidental events were nally subtracted by means of the
sideband method as discussed in Sec. 4.7.
4.3 Event Selection
The K0 and  were identied by detecting their decay products because the distance
between the target and FOREST detectors ranges from 0.3 to 1 m and is long enough
compared with the ight length of K0 and . The d! K0p events were identied
by focusing on the following decays
K0s ! 00; (4.5)
0 ! ; and (4.6)
! p : (4.7)
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Thus, this work assumed that there are four photons, a proton and a   in the nal
state. This section describes the methods of event selection and yield counting for
the n! K0 events.
An overview of the event selection is summarized in advance.
1. Search two photons with energy E  30 MeV.
2. Check their coincidence.
3. Search other two photons with energy E  30 MeV.
4. Check their coincidence.
Note that the photon selection is roughly done at this point without identication of
0 events.
5. Search two charged hits in the hodoscopes.
Charged particles are detected with hodoscopes whether or not the corresponding
signals are found in the calorimeters. At least one hit is required in the forward
hodoscope since protons must y forward in this energy region (see Sec. 3.3). As
discussed in Sec. 3.3.2, the proton and   are separated with their velocity  when
two charged hits are detected in the forward hodoscope.
6. Require no other neutral and charged hits
Up to here, four neutral and two charged events are selected. The incident photon
energy is determined by Tagger. Finally, a kinematic t with the n ! 00
hypothesis is performed for the measured values of four photons, a proton, and an
incident photon energy. Note that all of the possible combinations are tested for the
four photons. The same test is also performed for Tagger-multi-hit events. The best
combination of those is determined by the 2 of the kinematic t.
4.4 Particle Identication
At rst, two neutral pions are selected by the following procedures. A neutral cluster
is assigned to cluster number \1". If another neutral cluster is found, then check the
time dierence between the new cluster and the 1 st cluster. Here, the cluster timing
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Figure 4.3: The time dierence distribution between the 1st and 2nd neutral clusters (left)
and that for the 3rd and 4th ones (right). The boundaries, 2 ns, to check the coincidence
of those are marked by the green dashed lines.
is assigned by the measured time of cluster core module. Figure 4.3 (left) shows the
time dierence distribution between the two neutral clusters. A nearly symmetric
peak structure around 0 ns indicates most of the neutral clusters are formed by
photons such as the 0 decay products. The asymmetric tails of the time dierence
distribution arises from neutron contamination since the cluster search is performed
from downstream to upstream. In other words, neutron events are found in the
1st cluster with a high probability since neutrons tend to y forward kinematically
compared with photons. A time gate is set as  2  t < +2 ns to check the
coincidence between the clusters , where t is a timing dierence between the clusters.
If the new cluster is found to coincide with the 1st one, the new cluster is assigned
to the 2nd cluster. Note that, if TDC information is not recorded for one of a pair
neutral clusters, the time dierence is not given. This rare event may happen due
to an instability of discriminators. In such a case, the signal sample is regarded as
a coincidence event. The same process is executed once again to search the 3rd
and 4th neutral clusters. The time dierence distribution of those is also plotted in
Fig. 4.3 (right).
The detected four photons are expected to come from a neutral kaon. The time
dierence between the two cluster pairs is examined by calculating the averages of
the paired cluster timings t12 and t34, if both of clusters have the TDC information.
If one of the paired clusters has no TDC value, the average time is given only by the
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Figure 4.4: Timing dierence between the average timings of the two neutral clusters. Green
dashed lines show  2 ns and +2 ns.
other photon timing. Figure 4.4 shows the distribution of the time dierence between
t12 and t34. The distribution shows clear peak at 0 ns in the neutral cluster. Events
with satisfying  2  t12   t34 < +2 ns were selected. Note that the paired neutral
clusters are not required to be the decay products of the same 0 at this point. The
best combinations of two photons originate from same 0 are decided via kinematic
t method in Sec. 4.6. At this point, an event timing criterion which computed by
the FOREST detectors tF is given by averaging t12 and t34
tF =
1
2
(t12 + t34) : (4.8)
No other neutral but two more charged particles are required in this analysis. Thus
the other clusters are investigated with those respective charges. Figure 4.5 shows the
time dierence between the additional clusters and the averaged time of four clusters
tF . In the case of the neutral cluster (top column), the peaks at 0 ns are made
by photons. The peaks are clearly observed in every calorimeter while the neutron
is observed only at the forward calorimeter. In the charged cluster case (bottom
column), peaks around 0 ns are made by e and , and the right side peaks are
due to the proton hit. The time window for the charged particles is set from  5 to
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Figure 4.5: Time dierence distributions between the remaining clusters and the reference
timing tF which must be equivalent to a timing when a photon reaches to the detectors. The
name of the calorimeter, SCISSORS III, Backward Gamma, and Raesia II, to which the
remaining cluster belongs is written in blue at the top of each panel. The top column shows
the distributions when the remaining one is a neutral cluster and the bottom column shows
that when the remaining one is a charged cluster. The green dashed line shows boundaries
of the time window:  5 ns and +15 ns.
+15 ns relative the tF ,
 5  t  tF < +15 ns; (4.9)
where t is the measured time of the additional cluster. Any cluster which does not
be in the timing window are ignored in this analysis. Events with additional neutral
or more than three charged clusters which are in the time window are rejected in this
analysis.
The charged particle search is performed not only by the cluster information but
also the knotting result (see Sec. 4.1.3) since the geometrical coverage of the ho-
doscopes is better than that of the calorimeters. Thus the number of charged particles
can be counted up precisely compared with the calorimeter case. Time dierences
between the detected knots and tF are also checked. Figure 4.6 shows the time dier-
ence distributions between the SPIDER, IVY, and LOTUS knots and tF . Note that
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Figure 4.6: Time dierence distributions between the SPIDER (left), IVY (center), and
LOTUS (right) knots and the tF . The green dashed lines show boundaries of the time
window: [ 5;+15) ns.
the LOTUS hodoscope has been located in front of Raesia II from the middle of
the FOREST experiments. The overall structure in each distribution agrees with the
calorimeter case while LOTUS shows additional bump at  4 ns in the neighborhood
of the 0 ns peak. It is caused by accidental hits of e coming from upstream. A
typical distance (1.2 m) between SCISSORS III and LOTUS gives the time dierence
4 ns for a particle with the light velocity. The limited amount of such a bump in the
IVY case supports it since only this hodoscope locates apart from the z axis, 20 cm
in typical, while the SPIDER and LOTUS hodoscopes locate from the outside of the
beam pipe. Same time window as  5  t   tF < +15 ns is required, where t is the
measured time of the hodoscope.
Unlike the calorimeter case, hodoscopes overlap each other near 30 and 110
in the polar angle direction. The former angle region is covered by both of the
SPIDER and IVY hodoscopes while the latter one is covered by IVY and LOTUS.
Hence the number of charged particles might be over estimated without taking care
these congurations. To enumerate the number of charged particles accurately, the
azimuthal angles determined by the SPIDER and IVY knots are checked. Figure 4.7
shows the distribution of the azimuthal angle dierence between the SPIDER and IVY
knots for dierent polar angles. In the IVY knot case, its polar angle is identied by
the corresponding cluster in Backward Gamma while the SPIDER knot can detect
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Figure 4.7: Azimuthal angle dierences between SPIDER and IVY knots for dierent polar
angles. The detected polar angle (S; B) are written in the blue character at the top of each
panel. The green dashed lines show 20.
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Figure 4.8: The 12 (left) and 34 (right) invariant mass distributions. The green dashed
line shows the rest mass of 0.
that by itself. If no corresponding cluster is found in Backward Gamma, the polar
angle is assigned 25. It is found that the 0 peaking structure can be observed when
the SPIDER knot was detected at outside i.e. nearest side to the IVY hodoscope.
The detected charged particles are assorted to the proton or charged pion with
TOF-based separation. In order to compare the TOF information independing on
the ight length ` of the particle,
 =
`
`+t  c ; (4.10)
is used. Where c is the light velocity and t is given by Eq. (4.9). The MC simulation
nds that in the case of a detect pattern that both of the charged particles hit to
SPIDER, the  of the proton p is less than that of the pion   . Hence, in this case,
the later and faster particles are assigned to the proton and charged pion. All of the
hits at IVY without the corresponding SPIDER knot are regarded as charged pion.
Figure 4.8 shows the 12 and 34 invariant mass distributions. A peak around
0 rest mass is observed while large background lies under that. The background
distribution is mainly made by computing the invariant mass with wrong photon
combinations. No cuts for invariant mass is performed at this point. The invariant
mass distribution shows no peak structure arising from the K0 ! 20 ! 4 decay
chain. It is because the reconstructed K0 momentum resolution is not enough to
conrm the K0 signal. In other words, the width of the K0 peak is so wide that the
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signal can not be conrmed at this point. Hence additional approaches are needed
to conrm the K0 signal. The kinematic t is introduced to improve the momentum
reconstruction. Furthermore, the condence level cut also plays an important role for
the K0 event selection. The ts are performed with all of the possible combinations
of four photons.
4.5 Incident Photon Energy and Tagger Response
The energy of the incident photon beam is tagged by the Tagger channel event by
event. As shown in the correlation diagram between the Tagger channel and photon
energy (Fig. 2.4), the minimum tagged energy is lower enough than the K0 produc-
tion threshold, Eq. (3.3). Thus, if all of the responding Tagger channels correspond
to E < 900 MeV than the reaction threshold in an event, the event was ignored in
this analysis.
Multiple Tagger channels can response by an electron because of the geometrical
conguration. A recoil electron path in such case is drawn in Fig. 2.3 by the red
line as an example. The electron goes through both of the Tagger channels located
at the front and back rows. In this case, the incident photon energy is given by the
front Tagger channel. Not only the case but also accidental hits of recoil electrons
increase the number of the responding Tagger channels. The accidental events are
nally subtracted by means of the sideband method (Sec. 4.7).
4.6 Kinematic Fit
Measured variables of i-th photons and proton: momentum pi, polar angle i, and
azimuthal angle i where i = 1; 2; 3; 4; 5, and incident photon beam energy E are
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kinematically tted to satisfy below four constraints:
f1  2p1p2(1  sin 1 sin 2 cos(1   2)  cos 1 cos 2) m20 ; (4.11)
f2  2p3p4(1  sin 3 sin 4 cos(3   4)  cos 3 cos 4) m20 (4.12)
f3 
 
E +mn  
4X
i=1
pi
!2
 
 
 
4X
i=1
pi sin i cosi
!2
 
 
 
4X
i=1
pi sin i sini
!2
 
 
E  
4X
i=1
pi cos i
!2
= m; and (4.13)
f4 
 
E +mn  
5X
i=1
pi
!2
 
 
 
5X
i=1
pi sin i cosi
!2
 
 
 
5X
i=1
pi sin i sini
!2
 
 
E  
5X
i=1
pi cos i
!2
= m  : (4.14)
Eqs. (4.11) and Eq. (4.12) mean that  invariant mass must be equal to the 0 rest
mass, which is given as the PDG value [1]. Eq. (4.13) (Eq. (4.14)) means that the
4 (4 and proton) missing mass must be equal to the rest mass of  ( ). These
masses are also given by PDG.
Kinematic t is based on the Lagrange multiplier method. At rst, measured
variables are set as an initial vector
XI  t(xi1; xi2;    ; xi16) = t(p1; 1; 1; p2; 2; 2; p3; 3; 3; p4; 4; 4; p5; 5; 5; E):
(4.15)
Similarly a set of variables in the nal state is dened to be
XF  t(xf1 ; xf2 ;    ; xf16): (4.16)
A covariance matrix  contains uctuations i of the i-th measured variable. To
behave a role as weight matrix in 2 test, each component of  is described as:
ij =
ij
2i
; (4.17)
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Figure 4.9: Number of iteration and 2 probability distributions as a result of kinematic
t. Red line shows the boundary of the condence level cut.
where i; j = 1; 2;    ; 16 and ij is the Kronecker delta. Then a 2 is calculated by
2 = t(XI  XF )(XI  XF ): (4.18)
Kinematic t is done 500 times at most in each event and t is regarded as con-
verged when the uctuations of all kinematic values became within 0.0001 MeV. Fig-
ure 4.9 shows the 2 probability distributions and number of iterations. Condence
level cut is applied by selecting events with the 2 probability  0:1.
A validity of the kinematic t can be checked by pull distributions. The pull
functions are computed by using kinematic t results xFi , initial (measured) value
xIi , and  components 
I(F )
i as to be (x
I
i   xFi )=
p
(Ii )
2   (Fi )2. Figure 4.10 shows
the pull distributions for energies pi = x
I
3(i 1)+1 xF3(i 1)+1, for polar angles i =
xI3(i 1)+2 xF3(i 1)+2, and for azimuthal angles i = xI3(i 1)+3 xF3(i 1)+3. Generally,
pull distribution should form the Gaussian shape with width  = 1 and mean  = 0.
Fitted Gaussians are drawn in Fig. 4.10. Table 4.1 summarizes the mean  and width
 parameters obtained by the ts. All parameters are consistent with  = 1 and
 = 0.
The four-momenta of two 0 (p01 and p02 ) and K
0 (pK) are given by combined
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Figure 4.10: Pull distributions for the kinematic t results derived from real data (black
lines) and MC simulation (blue lines). The red line shows gaussian function t to real data.
Table 4.1: The mean  and width  values of tted Gaussian to the pull distributions.
p1 p2 p3 p4 p5
 0:03(0) 0:06(0)  0:01(0)  0:00(0) 0:04(0)
 1:04(0) 1:03(0) 1:04(0) 1:05(0) 1:07(0)
1 2 3 4 5
 0:03(0) 0:02(0) 0:03(0)  0:01(0) 0:08(0)
 1:10(0) 1:07(0) 1:12(0) 1:10(0) 1:07(0)
1 2 3 4 5
 0:03(0)  0:02(0) 0:01(0)  0:03(0) 0:00(0)
 1:09(0) 1:09(0) 1:08(0) 1:10(0) 1:07(0)
E
 0:03(0)
 1:17(0)
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Table 4.2: Mean  and width  of tted Gaussian for the residual distributions between
the kinematic t results and generated values by MC simulation.
px (MeV/c) py (MeV/c) pz (MeV/c) p (MeV/c) (
) ()
  0:54 0:01 4:27 0:01 11:72 0:01 15:34 0:01 0:67 0:00 0:05 0:00
 27:02 0:01 27:78 0:01 39:06 0:01 38:30 0:01 4:50 0:00 9:45 0:00
momentum of corresponding two and four photons, namely
p01(02) = p1(p3) + p2(p4); and (4.19)
pK = p01 + p02 ; (4.20)
where pi is the four-momentum of the i-th photon. Note that, from here, the two
photon invariant masses are equal to the 0 rest mass because of the kinematic t
constraints Eqs. (4.11) and (4.12). The validity check for the kinematic t results
are also performed by comparing the reconstructed momenta and angles of K0 with
generated ones in the MC simulation for the d! K0psp reaction. Figure 4.11 shows
the residual distributions for the three-momentum, absolute value of the momentum,
polar angle, and azimuthal angle. The resolutions for the momentum reconstruction
are estimated by tting Gauss functions to those distributions. The values  shows
the experimental resolutions of K0 momentum and angles after the kinematic t. The
Gauss functions are also drawn in the Fig. 4.11. Parameters of the tted Gaussians
are summarized in Table 4.2. The low resolution of pz is because it is aected by the
target length (47 mm in typical, see Sec. 2.4) while other momenta are inuenced by
the transverse size of the incident photon beam (  10 mm in typical, see Sec. 2.5).
The  resolution is worse than the  one. It is because the number of  partitions of
SCISSORS III is not good for the inner layers (see Fig. 2.7), for example the innermost
layer divides the 2 azimuthal angle into 12 pieces, while six or seven CsI modules
divide the 20 of polar angle adequally.
The E-E correlation plots for two charged particles after the kinematic t are
shown in Fig. 4.12. It is shown that the p separation works well by the  cut. The
four photon (namely, two 0) invariant mass is calculated by the four-momenta given
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Figure 4.11: Residual distributions between kinematic tted value and generated value by
MC (black line). Red lines show the tted Gaussian.
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Figure 4.12: The E-E plot for proton assumed (left) and   assumed (right) particles.
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Figure 4.13: Timing dierence between Tagger timing tTc and FOREST timing tF . The
prompt region is shaded by red and the accidental background regions are shaded by blue.
by the kinematic t results as to be
M(00) =
q
(E01 + E02 )
2   (P01 + P02 )2: (4.21)
4.7 Accidentally Triggered Event Subtraction
The standard trigger for the FOREST experiments is made by the coincidence of
the Tagger and FOREST triggers (see Sec. 2.7). There is a non-negligible amount
of contamination made by accidental Tagger hits. Figure 4.13 shows the distribution
of time dierence between Tagger (tTc) and FOREST (tF ), the latter is dened by
Eq. (4.8) in each event. The bunch structure of the circulating electrons in the STB
ring are clearly observed with the interval of tRF = 1:99928 ns, determined by the
radio-frequency of the accelerator. The contribution of such contamination into the
signal yield is subtracted by a sideband subtraction technique. By using the Tagger
and FOREST hit timings, prompt and accidental background regions are determined
to be:
 1:5 tRF  tF   tTc < +1:5 tRF and (4.22)
( 4:5 tRF  tF   tTc <  2:5 tRF) [ (+2:5 tRF  tF   tTc < +12:5 tRF); (4.23)
respectively. Each region is color-shaded in the time dierence distribution shown
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Figure 4.14: The 00 invariant mass distributions for prompt region (left) and accidental
background region (right).
in Fig. 4.13. The asymmetric denition of the accidental background range is due
to the time margins between the leading (trailing) edge of the ADC gate and signal
from the detector. The number of events that FOREST and Tagger signals are cor-
rectly coincident, Ncoin, is extracted by the sideband subtraction, where the number
of accidental events in the prompt region is subtracted by a normalized number of
accidental events in the background region.
Ncoin = Nprompt   tprompt
taccidental
Naccidental; (4.24)
where Nprompt is the number of events in the prompt region, Naccidental is the number
of events in the accidental background region, tPrompt = 3 tRF is the timing width
of the prompt region, and taccidental = 12 tRF is the timing width of the background
region. Figure 4.14 shows the 00 invariant mass distributions for dierent timing
regions. The mass distribution in Fig. 4.14 is not normalized by the timing width.
A clear peak at K0 mass, 497.614 MeV [1], is shown in the invariant mass distribu-
tion from the prompt region while no structure is shown around the mass from the
accidental background region. Bin-by-bin subtractions are executed to extract the
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Figure 4.15: The 00 invariant mass distribution. Red line shows the tted function
Eq. (4.25). Blue dotted line shows only the 4th-order polynomial component and black
dotted line shows only the Gaussian function.
invariant mass distribution of two 0 in the correctly coincident events.
Figure 4.15 shows the 00 invariant mass distribution after the subtraction. A
peak structure corresponding to K0 is clearly observed around its rest mass 497:614
MeV [1]. Total yield of the K0 signal and signal-to-noise (S/N) ratio rS=N are esti-
mated by tting a linear combination of 4th-order polynomial and Gaussian functions
G(x) + P4(x) =  exp

 1
2
(x  )2
2

+
3X
i=0
pix
i; (4.25)
to the invariant mass distribution. The tted functions are also drawn in the Fig. 4.15
by color lines. The tting parameters of the Gaussian component G(x) are obtained
as  = 936:8  17:6,  = 494:9  0:3, and  = 17:9  0:3. Hence the K0 yield is
estimated as 8:4  103 events by the integration of the Gaussian. The S/N ratio,
rS=N , is dened by use of estimated K
0 events NK and total counts in the 
00
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invariant mass distribution Ntot as
rS=N  NGauss
N 3M(;)<+3  NGauss = 84:3% 1:1%: (4.26)
Hence there are comparably larger backgrounds which should be taken into account for
the K0 yield extraction. The background source and subtraction scheme is discussed
in Sec. 4.8.
4.8 Background Subtraction Procedure
As one can see in Fig. 4.15, large amounts of backgrounds exist with the K0 peak in
the 00 invariant mass distribution even after the kinematic t. That must be taken
into account to extract the K0 signal yield. The 00 p nal state does not allow
the presence of hadrons which have intrinsically narrow width in the intermediate
state. Hence, possible candidates in the intermediate state of the nal state may
include resonance states. It is known that the Kroll-Ruderman term [79] strongly
contaminates to the reactions which include charged pion in the nal state. In that
case, the incident photon and target nucleon couple to charged pion and resonance
state. Namely, the rst vertex is n !  +(N+) ! X !  00p. However,
since the wide widths of the resonances, the reaction kinematics (angular distribution)
are expected to be the same to the non-resonant reaction n !  00p. In this
work, the background source is assigned to the non-resonant reaction.
4.9 Empty Target Data Analysis
The analysis procedures described in Secs. 4.4{4.7 are also applied to the data taken
with empty target. Figure 4.16 shows the 00 invariant mass distribution which
corresponds to Fig. 4.15. The counts in the distribution are normalized by means of
the number of photons. The number of photons is also shown in Fig. 4.16. (Fig. 4.22
for the deuterium case). Note that the mass bin is ve times broader than that of the
deuterium case because of the few entries. Since the number of events is suciently
small, the events coming from outside of the target are ignored in this analysis.
73
Chap. 4 Data Analysis 4.10Yield Counting
0
2.5
5
7.5
10
12.5
200 300 400 500 600 700
pi0pi0 invariant mass [MeV/c2]
Co
un
ts 
/ 2
5 
M
eV
/c
2
0
2500
5000
7500
10000
x 10 7
800 900 1000 1100
Incident photon energy [MeV]
N
um
be
r o
f p
ho
to
ns
Figure 4.16: The 00 invariant mass distribution derived by the empty target data (left)
and the number of incident photons as a function of the tagged photon energy (right).
4.10 Yield Counting
To estimate the yields of theK0 signals from the 00 invariant mass distribution, the
background is subtracted by using the 2 t result with a linear combination of the
MC-based background distribution and the Gaussian signal function. As discussed
in above section, the main background source is decided to the elementary n !
 00p reaction. Thus, the total counts of the 00 invariant mass distribution
CM(0;0) are analyzed to two components as
CM(0;0) = C
MC
p + CGauss exp
(
 1
2

  x

2)
; (4.27)
where CMCp is a normalization constant for the MC-based distribution, CGauss, , and
 are the Gaussian parameters. Therefore, four free parameters are used in the 2 t.
Boundaries for the  parameters are determined in advance by MC simulation for the
K0 photoproduction on the neutron. The derived 00 invariant mass distribution
from the MC simulation are tted only by the Gaussian. Then the boundaries of 
parameters for the real data tting are set as
 = [MC   3MC; MC + 3MC); (4.28)
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where MC is the obtained width of the Gaussian by tting the MC-based distribution
for the (n;)K0 reaction and MC is a tting error of the MC. Fitted functions
and background distributions to the 00 invariant mass distribution for the dierent
cos CMK and E are shown in Fig. A.1.
4.11 Acceptance
FOREST acceptance as a function of cos cmK which denotes the K
0 emission angle
in the CM frame is checked to extract the dierential cross sections in Sec. 5.1.
The acceptances are estimated by using GEANT4 [73] based simulation with the
resolutions and eciencies obtained above. The n ! K0 events are generated by
the MC simulation. It is calculated as a ratio of the number of events before and after
event selection cuts:
acc =
Number of detected events
Number of generated events
: (4.29)
The neutron Fermi motion makes it possible to generate the K0 photoproduction
under its reaction threshold energy given no Fermi motion (E = 915:3 MeV). Fig-
ure 4.17 shows the acceptances as a function ofK0 emission angle in CM frame cos CMK
at each energies. In low energy region, acceptances show at distributions while the
shapes have bump-like structures with peaking at cos CMK   0:5 in higher energy
regions. The main reason of the acceptance drop is to miss the charged particles at
the forward hole which locates at the center of SCISSORS III.
The acceptance depends on not only the geometrical coverage but also the de-
tection eciencies of particles. The detection eciencies of the detectors for proton
and charged pion are taken into account for the acceptance estimation because of
the dierence of energy loss mechanism between photons and heavy charged particles
makes the angle dependence of the acceptance more complicated. This is discussed
in Sec. 4.13.
The detection eciencies must be studied not only for each module but also the
blocks which produce a part of the FOREST trigger. The threshold energy corre-
sponding to the discriminator threshold for each block signal is studied. Figure 4.18
shows the energy distributions of ten SCISSORS III blocks, denotes Sb01{Sb10, with
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Figure 4.17: FOREST acceptance for the K0 events as a function of cos cmK for dierent
energies. Energy of incident photon is described in MeV unit in each panel.
or without neutral particle detection. Shapes are dierent from each case of photon
or proton detection. To evaluate the threshold energies for each case, detection ef-
ciencies are calculated by dividing the counts with TDC hits (NTDC) by the total
counts without the TDC requirement (N). Figure 4.19 shows the ratio NTDC=N . The
detector responses of SCISSORS III are not dierent at the both case of incident par-
ticle:  or proton. The energy threshold for recording the block signals are checked
by using the eciencies with a Gaussian convoluted step function, called frequency
function:
freq(E) =
1p
2
Z E
 1
exp

 1
2
x2

dx: (4.30)
Then the spectrum is tted by
F (E) = A freq

E   thr
thr

: (4.31)
The estimated thr are used in the MC simulation.
76
Chap. 4 Data Analysis 4.11Acceptance
0
200
400 Sb01 Sb02 Sb03 Sb04 Sb05
0
200
400
0 50 100 150 200
Sb06Co
un
ts
50 100 150 200
Sb07
50 100 150 200
Sb08
Energy (MeV)
50 100 150 200
Sb09
50 100 150 200
Sb10
0
200
400 Sb01 Sb02 Sb03 Sb04 Sb05
0
200
400
0 50 100 150 200
Sb06Co
un
ts
50 100 150 200
Sb07
50 100 150 200
Sb08
Energy (MeV)
50 100 150 200
Sb09
50 100 150 200
Sb10
Figure 4.18: Measured energy distributions by SCISSORS III blocks. Upper panel shows
measured energy distributions with dedicating to detect neutral particles. Black line shows
the measured energy when TDC value of the block channel is recorded and cyan line also
shows energy but no TDC information. Similarly, lower panel shows energy distributions
with dedicating to detect charged particles. Blue line shows energy with TDC information
while cyan line also shows energy but no TDC information.
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Figure 4.19: Ratio of counts NTDC=N as a function of measured energy.
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4.12 Number of Incident Photons
The number of incident photons are obtained by multiplying the number of Tagger
counts and transmission eciency of the photon beams. However, counting losses of
Tagger signals occurs depend on the photon intensity. The counting loss originates
from the overlap of the trigger logic signals in a short time interval. Correlation
between incident electron rate r and measured Tagger rate rm is given as [80].
r = re rt; (4.32)
where t = 59:2 ns is the minimum limit of time dierence to separate two logic
signals It was found that the incident electron rate r can be calculated by [81]
r =   1
t
W ( rmt); (4.33)
where W is the Lambert's W function [82]. Then the actual Tagger count N0 can be
reproduced as a function of the measured ones
N0 =
Nm
rm
r(rm;t): (4.34)
Figure 4.20 shows measured counts and the corrected counts of Tagger channels. The
counting losses of the signals are seen in the higher Tagger channels while the losses
are negligible for the lower channels which corresponds to the higher photon energy.
The energy region of interest in this work, namely E  Ethr = 915:3, corresponds to
the Tagger channels Tc001{Tc090. Hence, almost all of the associated channels are
unrelated with this eect. The data aquisition (DAQ) eciency DAQ is estimated
DAQ =
Nacc
Nreq
; (4.35)
where Nreq (Nacc) is a number of trigger requests (accepts).
The TDC modules which read out the Tagger (and also SCISSORS III) signals
do not correspond to multihit in a timing window. Hence, if the participant particle
and non-correlated particle from the reaction accidentally res either module, the
time information of correct particle incident on same module would be ignored in
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Figure 4.20: Counts of the Tagger channels. Black line shows measured counts, blue line
shows corrected counts for the counting losses (Eq. (4.34)), and red line shows the counts
multiplied by the DAQ and coincidence eciencies.
the event. The counting loss by this case is studied and corrected by means of the
coincidence eciency. The corrected counts from this eect are also shown in Fig. 4.20
by a red curve.
The transmission ratio of the generated photons has been examined every day or
every few days during the experimental period with the TotalSigmaTagger trigger
(Sec. 2.7). Figure 4.21 shows the measured transmission ratio for dierent experimen-
tal periods. Typically 55% of photons reach to the target. There are two supporting
rods for the frame of the titanium window in the Tagger (see Fig. 2.3). Two drops at
E  810 and  1020 MeV are due to wrong passes around the rods.
Finally, the number of incident photons are derived by multipling the corrected
Tager counts and photon transmission ratio. Figure 4.22 shows the number of photons
as a function of E in each experimental period.
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Figure 4.21: Tagging eciencies for dierent experiment periods.
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Figure 4.22: The number of photons as a function of the photon energy in each experimental
periods.
4.13 Detection Eciencies for the Heavy Hadrons
It is important to check the detection performances of the FOREST detectors for the
heavier hadrons since the detection eciency is directly involved in the acceptance
for the reaction identication. In this section, a detection eciency is dened as
X  Number of hadrons detected by the detector X
Number of hadrons generated at the target
; (4.36)
where X is a detector in the FOREST system. Proton detection eciencies of SCIS-
SORS III, Backward Gamma, SPIDER, and IVY are checked via double 0 photo-
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production on the proton. Event selection procedure is:
1. There are two neutral clusters within 1 ns whose energies are greater or equal
to 50 MeV.
2. There are other two neutral clusters within 1 ns whose energies are greater or
equal to 50 MeV.
3. The four neutral clusters are coincident.
4. There is at most one charged cluster except for the four neutral clusters.
5. The proton is treated as a missing perticle whether it was detected or not.
The proton four-momentum pX is given by the captured two photons as to be
p0X = E +mp   p001   p
0
02
; (4.37)
p1X =  p101   p
1
02
; (4.38)
p2X =  p201   p
2
02
; (4.39)
p3X = E   p301   p
3
02
: (4.40)
Then the kinematic t is performed to the selected events. The proton four-momenta
pX is used to the kinematic t as unmeasured values. Figure 4.23 shows the detec-
tion eciency for proton of the FOREST detectors estimated by read data and MC
simulation data. The results of both data show good agreement with each other. It
is shown that threshold energy of proton detection is about 300{400 MeV/c for the
FOREST modules. The threshold momenta of hodoscopes seem a little bit lower than
the corresponding calorimeter. The validity of the energy responce for proton in the
MC simulation is well conrmed by these comparisons.
4.14 Conrmation of Quasi-Free Processes
In this work, the d! K0psp quasi-free process is employed with a deuterium target
to extract the n ! K0 reaction. The missing particle is, thus, supposed to the
spectator proton in the deuteron. The validity of the event selection and kinematic
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Figure 4.23: Proton detection eciencies of the FOREST detectors: SCISSORS III, Back-
ward Gamma, SPIDER, IVY, as a function of the proton momentum. The black (red) points
shows the estimated eciency of the FOREST detectors by the real data and MC simulation
data of p! 00p reaction.
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Figure 4.24: Missing mass and missing momentum distributions of the d ! K0X reac-
tion. Black (red) line shows the distribution which obtained in the real (simulation) data
analysis.
t is checked by the missing mass of K0 and . Figure 4.24 shows the missing mass
and momentum distributions of the d ! K0X reaction obtained in the real and
simulation data analyses. The simulated distribution well reproduces the real data
so that the selected events and tted values are guaranteed to satisfy d ! K0psp
reaction kinematics.
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Chapter 5
Result and Discussion
In this chapter, we present our results for the d ! K0p photoproduction analy-
sis. The dierential and total cross sections are obtained in the analysis described
below. These cross section data are compared with theoretical predictions and other
experimental data.
5.1 Dierential Cross Section
The dierential cross sections are obtained as a function of the K0 emission angle
CMK for dierent incident photon energies from 900 MeV to 1150 MeV with a 25 MeV
energy step. The emission angle is dened in the center-of-mass (CM) system as the
polar angle of K0 with respect to the direction of the incident photon beam. Here
we take z axis on the beam direction. A kinematic t is employed to get a better K0
four-momentum, assuming that the target neutron is at rest, as described in detail
in the previous chapter. The boost parameter  from the laboratory (Lab) system
to CM system is given as  = (0; 0; E=(E + mn)) with the photon beam energy
E and the neutron rest mass mn [1]. Then a measured kaon momentum P
Lab
K is
converted to a momentum in the CM frame PCMK by Lorentz boost. The dierential
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cross section d=d
CM is obtained in the CM system as
d
d

=
Nyield(E ; cos 
CM
K )DAQcoin
NNtargetAccBRK0!4p 2(cos CMK )
: (5.1)
The variables involved here are given below.
Branching ratio (BR)
The BRK0!4p  denotes the product of all the decay branching ratios for K0 !
K0s , ! p , K0 ! 00, and 0 ! , namely,
BRK0!4p  = BRK0!K0sBR!p BRK0!00BR0! = 0:0969; (5.2)
where
BRK0!K0s = 0:5,
BR!p  = 0:639 0:005,
BRK0!00 = 0:3069 0:0005, and
BR0! = 0:98823 0:00034.
are taken from Ref. [1].
Number of incident photons (N)
The number of photons impinging on the target, N , is given with the count on the
i-th tagger counter, Ni, as
N = Nii; (5.3)
where i is the photon transmission rate for the tagging counter. These values are
determined in each short period in the act of data taking. Details are described in
Sec. 4.12 with the DAQ eciency DAQ and coincidence eciency coin.
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Number of target (Ntarget)
The Ntarget denotes the number of neutrons in the deuterium target over the incident
photon path. It can be calculated as
Ntarget =
NAd
Ad
`; (5.4)
where;
NA = 6:022 1023 (mol 1) is the Avogadro constant,
d = 0.1725 (g cm
 3) is the density of the liquid deuterium for the typical
temperature 19:5 K in the FOREST experiments, and
Ad = 2:01410177803(8) is the atomic weight of the liquid deuterium
are taken from Ref. [1], and ` is the target length along the z axis. Since the two
aramid lms of the target cell which lie on the  pathway (see Sec. 2.4) are a little bit
inated by the liquid D2 pressure, the ` was measured by using a laser displacement
sensor. Three-dimensionally-reconstructed lm shapes give the eective length as a
function of photon beam size. By using the obtained value of `=45.90 mm for the
deuterium target, the Ntarget is given as 0:2367 b
 1.
Figure 5.1 shows the computed dierential cross sections as a function of K0
emission angle in the CM frame cos CMK for dierent bins of incident photon energy
E . No t-channel contributions such as the strong forward enhancement are found in
every dierential cross sections. This is the expected feature as discussed in Sec. 1.3,
because of no charged particle participation in contrast to the p ! K+ reaction,
thus no contribution from the K+ exchange. Instead, the dierential cross section
shows a backward enhanced shape in the higher energy regions. This structure is
interpreted as the u-channel contributions like the () exchange terms (See Fig. 1.11).
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Figure 5.1: Dierential cross sections as a function of cos CMK for dierent incident photon
energy E . Incident photon energy region is written in each panel. The blue (green) line
shows the theoretical calculation given by the Saclay-Lyon A [83] (Kaon-MAID [54]) model.
The red line shows the Legendre t result.
5.2 Total Cross Section
The total cross section  is obtained by integrating the dierential cross section given
in Eq. (5.1) as
 =
Z
d
d

2d(cos CMK ) = 2
X
n
d
d

cos CMK ; (5.5)
where  cos CMK = 0:2. Figure 5.2 shows the total cross section of n ! K0 reac-
tion. The total cross section starts to rise around the n ! K0 reaction threshold
E = 915:3 MeV and smoothly increases. The cross section saturates at E  1 GeV.
The order of the cross section is 2 b for E & 1 GeV. The mass resolution is checked
by a MC simulation. A residual distribution between the generated and reconstructed
n invariant masses is tted by a Gaussian function. Figure 5.3 shows the obtained
width W of the tted Gaussian function as a function of the incident photon energy.
The mass resolution smoothly increases as the incident photon energy goes up and
saturates at about 20 MeV. The total cross section as a function of the n invariant
mass is discussed in Sec. 5.5.3.
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Figure 5.2: Total cross section of the n ! K0 reaction computed by integrating dier-
ential cross sections Eq. (5.1).
0
5
10
15
20
25
30
35
40
900 925 950 975 1000 1025 1050 1075 1100 1125 1150
Incident photon energy [MeV]
∆W
 [M
eV
]
Figure 5.3: The mass resolution W of n invariant mass as a function of the incident
photon energy.
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5.3 Systematic Uncertainties
Systematic uncertainties for the observed cross sections are estimated by taking the
following factors.
1. Acceptance
2. Number of incident photon
3. Number of target and beam size
4. Threshold for the TDC recording
This section describes the uncertainties from the individual sources. The FOREST
event trigger is generated by the coincidence of two block signals issued by the SCIS-
SORS III (Sb) and Backward Gamma (Bb) blocks (See Sec. 2.7). The threshold
energies corresponding to the discriminator thresholds for the block signals are dis-
cussed in Sec. 4.11. It is found that the uctuation width  of the threshold  is about
9 MeV. The threshold energies for block signals are reset to   in the Monte-Carlo
(MC) simulation to estimate the acceptance uncertainty due to the threshold uc-
tuation. The geometrical congurations of detectors in the MC simulation are also
changed. The measurements of the detector positions are performed. The accuracy of
the reported positions are assumed to be uniformly 5 mm in this work. The error of
the number of incident photons is given by the error of the photon transmission ratio.
It ranges 0.1{0.4% as shown in the Fig. 4.21. The threshold energy to record the
TDC information is changed from   to + for each block in SCISSORS III and
Backward Gamma in the MC simulation, where  and  are the Gaussian component
in the Frequency function Eq. (4.30). The number of target is described in Secs. 5.1
and 2.4. The ambiguity is found in order of 0.1%.
The estimated errors are combined by assuming that those values are independent
from the others. The systematic errors are also plotted in Fig. 5.5. The errors depend
on the total energy. It smoothly increase to higher energy bin. In this work, the
systematic error is found to be about 1{10% order.
5.4 Partial Wave Analysis
Partial wave analysis is one of the useful tools to interpret the extracted angular
distribution. The scattering amplitude M for a pseudoscalar meson can be written
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by using the Chew-Goldberger-Low-Nambu (CGLN) amplitudes Fs [84] as to be
M = iF1 +F2  (  q)(  (k  ))jqjjkj +iF3 
(  k)(q  )
jqjjkj +iF4 
(  q)(q  )
jqj2 ; (5.6)
where , q, k, and  denote the Pauli spinor, meson momentum, photon momen-
tum, and polarization vector of the incident photon. The CGLN amplitudes can be
expanded to electro- and magnetic-multipoles, E` and M`, as to be
F1 =
X
`

(`M`+ + E`+)P
0
`+1(cos 
) + f(`+ 1)M`  + E` gP 0` 1(cos )

(5.7)
F2 =
X
`
[(`+ 1)M`+ + `M` ]P 0`(cos 
) (5.8)
F3 =
X
`

(E`+  M`+)P 00`+1(cos ) + (E`  +M` )P 00` 1(cos )

(5.9)
F4 =
X
`
[(M`+   E`+  M`    E` )P 00` (cos )] ; (5.10)
where P is the Legendre polynomial and  is the meson emission angle in the CM
frame. The measured angular distribution in the CM frame can be decomposed by
using those complex amplitudes dened as
k
q
d
d

= jF1j2 + jF2j2 + 1
2
jF3j2 + 1
2
jF4j2 +Re(F1F4 ) + Re(F2F3 )
+ fRe(F3F4 )  2Re(F1F2 )g cos 
 

1
2
jF3j2 + 1
2
jF4j2 +Re(F1F4 ) + Re(F2F3 )

cos2 
 fRe(F3F4 )g cos3 ; (5.11)
where k and q are the momenta of the incident photon and pseudoscalar meson,
respectively. Table 5.1 summarized the resonance states with isospin 1/2 and cor-
responding multipoles. The resonance states and corresponding multipoles for the
dierent CGLN amplitudes are summarized in Table 5.2. Here we assume that only
the three resonance states, N(1650)S11, N(1710)P11, and N(1720)P13, participate in
the K0 photoproduction at the near-threshold energy region from the point of view
of the coupling strengths summarized in Table 1.2.
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Table 5.1: Multipole amplitudes for the pseudo-scalar meson photoproduction. JPN
denotes the spin J and parity P of the resonance in the intermediate state.
photon
multipole
JPN multipole
resonance
states
photon
multipole
JPN multipole
resonance
states
E1
1
2
 
3
2
 
E0+
E2 
S11
D13
M1
1
2
+
3
2
+
M1 
M1+
P11
P13
E2
3
2
+
5
2
+
E1+
E3 
P13
F15
M2
3
2
 
5
2
 
M2 
M2+
D13
D15
Table 5.2: A list of the isospin 1/2 resonance states and correlated amplitudes for dierent
CGLN amplitudes. z denotes the cosine of the meson emission angle in the CM frame cos 
F1 F2 F3 F4
S11 E0+
P11 M1 
P13 3z(M1+ + E1+) 2M1+ 3(E1+  M1+)
D13 3M2  + E2  6zM2   3(M2  + E2 )
The measured dierential cross sections are tted by a series of Legendre polyno-
mials Pi
d
d

=
qK(W )
k(W )
4X
i=0
AiPi(cos 
CM
K ); (5.12)
where qK and k

 are momenta of K
0 and the incident photon in the CM frame,
respectively. Figure 5.4 shows the Legendre coecients A0{A2 depending on the total
energy obtained by assuming the target neutron at rest. The tting is performed with
the 3rd-order Legendre series since the energy region in this work is nearby the reaction
threshold. The A0 coecient which is proportional to the total cross section shows a
bump structure at W = 1670 MeV. The A1 coecient changes its sign in the vicinity
of W = 1670 MeV. The A2 coecient starts increasing at around W = 1670 MeV
and goes down around W = 1710 MeV. The assumption that the D13(1700) and
D15(1675) do not contribute to the K
0 photoproduction in this energy region makes
the situation a little bit simpler. The A1 coecient which corresponds to P1 = cos 
CM
K
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Figure 5.4: Legendre coecients as a result of tting the dierential cross section (Fig. 5.1).
The blue dashed lines show the mean positions of some resonances 1650, 1670, 1710, and
1720 MeV.
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is basically aected by the interference terms F3F4 and F1F2 from the Eq. (5.11).
From Table 5.2, the latter term is expected to dominate because the F4 relates only
to the D13. The A2 coecient which correspond to P2 = (3z
2   1)=2 is negative
value without the interferences. Similarly, since the F4 amplitude is assumed to be
negligible, the F2F3 term is expected to dominate in this case.
One reasonable interpretation can be given as follows. If the changes of the be-
haviors of the coecients are caused by the same resonance, (it is worthy of note that
the turning points are very close to each other) the resonance is related to the F2
amplitude. The largest component in the F2 is considered as P11 because of the near-
threshold region. Therefore, one interpretation is that there is a P -wave resonance at
1670 MeV. The theoretical calculation performed by Fix et al. [13] predicts a strong
peak structure at 1670 MeV assuming a P11 narrow-resonance state.
On the other hand, the behaviors of the A1 and A2 coecients may be explained
without introducing the new narrow resonances. The A1 behavior is given by the
interference between the N(1650)S11 and N(1710)P11 resonances. The behavior of
the A2 coecients can be explained by contributions of N(1710)P11 and N(1720)P13.
In this case, the bump structure in the A0 coecient may indicate the N(1535)S11
and N(1650)S11 interference which is suggested by Anisovich et al. [17].
5.5 Comparisons with Other Works
5.5.1 p! K+ reaction
The p! K+ total cross section reported by Glander et al. [41] is plotted in Fig. 5.5
for comparison. It is found that two cross sections are comparable. However, present
result is higher than the K+ case in the vicinity ofW = 1670 MeV. This suggestive
structure evokes the prominent enhancement at W =1670 MeV. As introduced in
Sec. 1.2.1, the enhancement has been observed in the n photoproduction case while
no such signals have been conrmed in the p case.
It should be mentioned that the nal state interaction (FSI) process should be
taken into account when the deuterium target is used. However, Salam et al. suggest
that in the case of the d(;K0Y )N reactions, the rescattering eects are negligible in
the quasi-free scattering kinematics so that the K0 photoproduction on the deuteron
can be used for investigating the elementary process [85].
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5.5.2   ! K0 reaction
A strong enhancement is reported in the  p! K0 total cross section as shown in
Fig. 1.8 at W = 1710 MeV, where a weak excess is also found in the n! K0 total
cross section with an assumption of the target neutron at rest. However, the number
of bins is not enough to discuss this structure in this analysis.
5.5.3 Theoretical Predictions
Measured cross sections are compared with theoretical models, named Kaon-MAID [54]
and Saclay-Lyon A [83], in this section. Figure 5.5 shows the total cross section for
the n! K0 reaction obtained in this work and the theoretical calculations for this
reaction.
The Kaon-MAIDmodel is an isobar model for theK photo/electro-production [54].
This model is reliable for the p! K+ reaction. As shown in Fig. 1.7, Kaon-MAID
well reproduces the cross sections of charged Kaon photoproduction. However, in
comparison with this work, the Kaon-MAID under estimates the cross sections at
the near-threshold region (Fig. 5.5). This result supports the previous experimental
remark given by Tsukada et al. [58]. As shown in Fig. 1.13, their K0 photopro-
duction cross sections do not match with the Kaon-MAID prediction in lower energy
region 0:9  E < 1:0 GeV. In contrast to the situation, they agree with each other in
1:0  E < 1:1 GeV. These behaviors also appear in this work. Figure 5.1 shows that,
at E > 1:0 GeV, the absolute value of the dierential cross sections are comparable
with the Kaon-MAID prediction specically at cos CMK  0. However, there is dis-
agreement in the backward angles. The backward peaking structure of the extracted
K0 dierential cross sections were not reproduced by this model. This model in-
cludes Born terms, K, K1 exchanges, and N resonances. Considered resonances
in Kaon-MAID are S11(1650), P11(1710), P13(1720), and D13(1900). The last one is
regarded as the missing resonance.
The Saclay-Lyon A (SLA) model is an isobar model. In this model the decay
width of the K1 meson is introduced as a ratio of neutral and charged case
rK1K 
 K01!K0
 K+1 !K+
(5.13)
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Figure 5.5: The total cross section for the n ! K0 reaction. The blue dashed-doted
curve shows theoretical prediction by the Saclay-Lyon A model [83] with rKK = 1:53 and
green dashed curve shows the Kaon-MAID [54] calculation. Red inverted triangles show the
experimental results reported by Bradford et al. [31]. The black dotted lines show the energy
thresholds of the n! K00 and n! !n. The cyan line shows the systematic error (see
Sec. 5.3).
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since there is no enough information about this vector meson. It is notable that the
Kaon-MAID takes the K1 width into account as well as SLA case, a ratio of neutral
and charged one, but as a constant value rK1K =  0:45 [54]. The SLA model
does not take N resonances enough into account. Only the P13(1720) resonance
is included in this model. In this point of view, the better agreement between the
observed cross sections and the SLA predictions at W  1:7 GeV might be explained
by the fact that no other possible resonances hardly close to the region. The included
resonances in both models are summarized in Table 5.3.
Another dierence between the two models is shown in the approaches to the
large Born term contributions (e.g. [86]) which is a problem of the isobar model on
the Kaon photoproduction [87]. Kaon-MAID reduces that by assuming the hadronic
form factors while SLA avoids it by including several hyperon resonances.
The calculation by the Saclay-Lyon A model shows higher total cross section than
that of the Kaon-MAID model from threshold up to 1.73 GeV as shown in Fig. 5.5.
The derived total cross section in this work favors this model, hence the experimental
remark by the previous measurement given by Tsukada et al. [58]. Furthermore, the
dierential cross sections shown in Fig. 5.1 favor this model results. In particular,
cross sections in 1:03  E  1:09 GeV shows good agreement. Whereas the Kaon-
MAID partially reproduced the forward bump structure above E  1:0 GeV, SLA
does not predict any characteristic along the smooth curves.
In summary for this subsection, the Kaon-MAID fails to reproduce previous results
while derived cross sections favor SLA curves. The important dierence between the
two models are the including resonance states. Kaon-MAID includes all of nucleon
resonance N in this energy region while SLA includes only one resonance N(1720)
but several hyperon resonances. Hence, it is revealed that in the n! K0 reaction,
the hyperon exchange, namely the u-channel contribution, plays an important role.
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Table 5.3: List of the included resonances in the Kaon-MAID and Saclay-Lyon A
models for the K photoproduction.
Resonance term Kaon-MAID Saclay-Lyon A
s-channel S11(1650) P13(1720)
P11(1710)
P13(1720)
D13(1895)
t-channel K(892) K(892)
K1(1270) K1(1270)
u-channel S01(1407)
S01(1670)
P01(1810)
P11(1660)
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Conclusion
Photoproduction of K0 on the neutron has been investigated with the photon beam
of an energy ranging from the reaction threshold to E =1.15 GeV. This is the rst
measurement for the n ! K0 reaction cross section of which the K0 emission
angle is fully covered. The obtained dierential cross sections show at shapes in
the angular distribution at the near-threshold region and backward-peaking structure
in the higher energy region up to E =1.15 GeV. The data are compared with the
theoretical predictions of Kaon-MAID [54] and Saclay-Lyon A [83] models. While the
Kaon-MAID curves fail to reproduce the measured dierential cross sections except
for the near-threshold, the Saclay-Lyon A results show better agreement in the whole
range of E . These results indicate that the 
 exchange term, or the u-channel
resonance term, plays an important role in the K0 photoproduction.
The total cross section of the d ! K0psp reaction is found to be almost com-
parable to that of the mirror reaction p ! K+. This observation agrees with the
result of the past study for C(;K)Y reactions reported by Watanabe et al. [57],
indicating that the d ! K0p reaction can be regarded as an elementary reaction
with negligibly small nal state interactions in spite of a deuterium target being used
as suggested by Salam et al. [85].
An excess is observed at 1670 MeV in the total energy, while the overall cross
sections are comparable between the K+ and K0 channels in the K threshold
region. This structure is implicated as the narrow resonance N(1670) which has been
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observed in the n ! n photoproduction cross section. A qualitative partial wave
analysis is performed to the measured dierential cross sections. A simple assumption
is made that D-wave resonances are negligible in the near-threshold region. It is found
that the two Legendre coecients (A1 and A2) change their sign in the vicinity of
1670 MeV. A narrow P11 state may account for the behavior observed at 1670 MeV.
An interference eect is also suggested between the S-wave resonances (N(1535)S11
and N(1650)S11) which contribute to the bump observed in the A0 coecient.
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Data ts for yield countings
The four  invariant mass distributions for dierent incident photon energy E and
K0 emission angle in the center of mass system cos CMK are listed here. The ted
gaussian and background distributions are also overdrawn to each histograms.
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Figure A.1: Invariant mass distributions of 20 for dierent incident photon energy E and
K0 emission angle in the n center-of-mass frame (black). Blue line shows tted distribution,
red line shows background distribution of n!   reaction generated by the Monte Calro
simulation, and magenta line shows the gaussian component of the tted function Eq. (4.27).
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Appendix B
Data Tables
The numerical results of the measured cross sections are summarized in this appendix.
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Table B.1: Numerical results of the measured dierential cross sections. E , 
CM
K ,
d=d
, and (d=d
) denote the incident photon energy, K0 emission angle in the
n center-of-mass frame, dierential cross section, and statistic error of that.
E cos 
CM
K d=d
 (d=d
) E cos 
CM
K d=d
 (d=d
)
912.5  0:9 +0:011 0:010 962.5  0:9 +0:117 0:027
 0:7 +0:029 0:015  0:7 +0:069 0:023
 0:5 +0:016 0:013  0:5 +0:057 0:021
 0:3 +0:001 0:038  0:3 +0:082 0:022
 0:1 +0:021 0:013  0:1 +0:110 0:021
+0:1 +0:033 0:013 +0:1 +0:082 0:018
+0:3 +0:031 0:013 +0:3 +0:113 0:019
+0:5 +0:051 0:016 +0:5 +0:098 0:018
+0:7 +0:016 0:010 +0:7 +0:086 0:018
+0:9 +0:024 0:011 +0:9 +0:091 0:018
937.5  0:9 +0:031 0:018 987.5  0:9 +0:136 0:030
 0:7 +0:038 0:018  0:7 +0:152 0:029
 0:5 +0:035 0:020  0:5 +0:121 0:025
 0:3 +0:046 0:018  0:3 +0:168 0:025
 0:1 +0:056 0:018  0:1 +0:156 0:023
+0:1 +0:092 0:020 +0:1 +0:160 0:025
+0:3 +0:060 0:016 +0:3 +0:183 0:023
+0:5 +0:056 0:016 +0:5 +0:149 0:022
+0:7 +0:054 0:015 +0:7 +0:146 0:024
+0:9 +0:062 0:017 +0:9 +0:108 0:022
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Table B.2: Continued.
E cos 
CM
K d=d
 (d=d
) E cos 
CM
K d=d
 (d=d
)
1012.5  0:9 +0:161 0:045 1087.5  0:9 +0:262 0:051
 0:7 +0:171 0:040  0:7 +0:207 0:040
 0:5 +0:203 0:039  0:5 +0:195 0:035
 0:3 +0:214 0:035  0:3 +0:232 0:035
 0:1 +0:179 0:035  0:1 +0:191 0:043
+0:1 +0:175 0:029 +0:1 +0:175 0:033
+0:3 +0:169 0:030 +0:3 +0:147 0:032
+0:5 +0:134 0:027 +0:5 +0:164 0:038
+0:7 +0:166 0:032 +0:7 +0:179 0:038
+0:9 +0:091 0:028 +0:9 +0:186 0:041
1037.5  0:9 +0:245 0:039 1112.5  0:9 +0:226 0:056
 0:7 +0:166 0:032  0:7 +0:188 0:042
 0:5 +0:149 0:030  0:5 +0:207 0:038
 0:3 +0:169 0:029  0:3 +0:172 0:036
 0:1 +0:222 0:030  0:1 +0:145 0:034
+0:1 +0:205 0:027 +0:1 +0:196 0:036
+0:3 +0:177 0:029 +0:3 +0:152 0:038
+0:5 +0:145 0:028 +0:5 +0:141 0:039
+0:7 +0:116 0:029 +0:7 +0:146 0:039
+0:9 +0:154 0:030 +0:9 +0:128 0:045
1062.5  0:9 +0:279 0:045 1137.5  0:9 +0:212 0:055
 0:7 +0:230 0:036  0:7 +0:223 0:045
 0:5 +0:182 0:032  0:5 +0:178 0:039
 0:3 +0:136 0:029  0:3 +0:226 0:038
 0:1 +0:172 0:030  0:1 +0:223 0:046
+0:1 +0:164 0:029 +0:1 +0:216 0:041
+0:3 +0:136 0:030 +0:3 +0:151 0:039
+0:5 +0:166 0:029 +0:5 +0:100 0:039
+0:7 +0:149 0:032 +0:7 +0:094 0:037
+0:9 +0:124 0:032 +0:9 +0:177 0:060
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